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Design Realization 
lecture 13 

John Canny/Dan Reznik 
10/7/03 



Last Time 

Fantastic plastics! 



This time 

S-t-r-e-t-c-h-i-n-g material properties: 
composites and cellular materials 

Chemistry takes us pretty far. But we can also 
customize material properties with geometry: 
■ Composites: distinct materials tightly bound 
together. 

• Cellular materials: customized fine structure for 
desired stiffness/strength. 



Composites: Fiber-based 

» Fiberglass is the classic composite: 

■ Glass fibers (often woven) |f^rH 

■ Two-part polyester 
or epoxy resin 

■ Epoxy strength = 60MPa 

■ Glass fiber tensile 
strength = 500 MPa 

■ The composite can achieve a significant 
percentage of the fiber strength (300MPa 
typical), along the fiber direction. 




Composites: Fiber-based 

■ Laminates: to get strength in several directions, 
the fibers are either: 

• Laminated in sheets in different directions, or 

■ Made from a woven fabric with threads in several 
directions. 

■ Glasses are chosen for different attributes: 

■ Tensile strength 

■ Stiffness 

■ Electrical insulation... 

■ Glass and polymer do not react, but the polymer 

■ must adhere very well to the fiber for strength. 



Composites: Carbon & Kevlar 

Recall (lecture 10) that carbon fiber and 
kevlar fibers both have diamond-like tensile 
strength (~ 4 GPa), or about 70x epoxy. 
Modulus also increases 
by about 50x. 
Surprisingly, carbon fiber 
has the same structure 
as (soft) graphite: 
But these sheets are 
long and thin in CF, *"' " *' ' 

whereas they are flat (and slippery) in 
graphite. 
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Workability 

Glass, carbon, kevlar sheets and two-part 
resins are easy to work with, and used for: 

■ Boat making and repair. 

■ Custom surfboards, snowboards... 
• Motorcyle and auto racing. 

■ Furniture {e.g. chairs)... 

Construction by mold-making, jfj 
fiber laying, resin application. 

See http://www.fibreglast.com/ 
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Natural fiber composites 

Wood is a natural composite of cellulose fiber 
and a polymer called lignin. 

Bone is a hierarchical fiber composite: 
Bone 
■ Osteons 
• Lamella 

- Collagen fibers 
» Collagen fibrils 



Particle composites 

■ Fiber composites are ideal for improving tensile 
strength. Particle composites can: 

• Improve compressive stiffness. 

• Decrease weight without sacrificing strength (hollow 
glass sphere + polymer composite). 

■ Make the material magnetic (refrigerator magnets). 

■ Improve electrical or thermal characteristics 
(polymer metal composites). 

■ Traditional fiber and particle composites have 
fibers/particles of around micron size. 



Nano-particle composites 

■ Exciting area, has seen dramatic results lately. 

■ Much less exotic than it sounds. 

■ Many nano-particulate materials are commercially 
available at moderate cost. 

■ Advantages of nano-particles 

- Allows small features (< 1 micron) of composite, 
important for electronics or complex machines. 

■ Composite is more homogeneous, consistent 
physical behavior. 

• Some material properties depend on dimension, 
and are tunable by particle size. 



Nano-particle Solar Cells 

Developed by Paul Alivisatos at Berkeley. 
Nanometer (7x60) sized slight 
inorganic rods are oriented 
vertically and held in a 
polymer matrix. f 
Very simple (room 
temperature) process. 
Potential for very low-cost, large area solar 
cells. 2 local companies work on this. 
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Hierarchical materials 

Often we want large volume materials with low 
density - e.g. for ships, packing and aircraft. 
How do you maximize 
strength? 

The classical triangular 
truss is a good design. 
■ Really 1 -dimensional, so very 
low density. 

But its not the best possible... 
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Hierarchical materials 



Long, straight members will 
buckle under high load. 
Strength can be increased 
using hierarchical structure 
(trusses made from trusses) 
The Eiffel tower used this 
structure (because of limited 
beam length!), and was by far 
the strongest structure for 
weight at the time. 




Hierarchical material fabrication 

■ Its impossible to build small hierarchical 
trusses by conventional methods. 

■ But 3D printers are limited neither by 
complexity or by geometry (the many cavities 
which cant be created by casting or milling). 

■ Hierarchical structures are the natural way to 
build low-density, high-strength volumes with 
3D printing. 



Cellular materials 

■ Honeycomb: two flat sheets sandwiching a 
layer of honeycomb. 

■ Very strong resistance 
to bending. 

■ Used for aircraft floors. 

■ Good vibration 
resistance. 

■ Soft honeycombs used for shock absorption. 
Sometimes visible in athletic shoes. 




Honeycomb strength 

Honeycomb is a very efficient structure for 
bending stiffness. 

In a normal Beam, the bending stiffness is El, 
where E is Young's modulus, I is the "moment 
of inertia" of the beam cross-section. 



■ l = ba 3 /12, 



(b is depth into the page). 
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Honeycomb strength 

In a honeycomb structure, the mass is 
concentrated in the top and bottom sheet. 

= a/2 



The moment of inertia is 

I = b a h 2 / 4 (b is depth) 
Much higher bending stiffness for a given 
weight (h » a) 



Cellular hierarchies 



Honeycomb has some 
weakness. The cell faces 
can collapse under pressure. 
By adding small cells to 
reinforce the large ones, 
we eliminate the weakness. 
This structure is used in 
animal bone, and a number 
of plant materials. 




Plastic foams 

■ Plastic foams are usually thermoplastics. 

■ Traditional methods use volatile hydrocarbons 
mixed with the polymer. 

■ On heating, they create bubbles in the 
polymer. 

■ The voids are rather 
irregular, and the foam 
has lower strength than 
theoretically possible. 
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Plastic foams 

■ But the uniform cell foams are like single-scale 
trusses, and susceptible to failure across large 
faces. Greater strength would result from multi- 
scale cells. 

■ Still an open problem how to do this... 



Plastic foams 

■ Lately microcell foams have been developed 

■ The foams use a gas (C02 or Nitrogen) 
dissolved under pressure to create voids. 

■ Under sudden change in 
pressure/temperature, 
small voids form, and do 
not have time to join into 
larger voids. 

■ Result is more uniform 
cells and better strength. %!£BS^+lJ 0 J—'t 
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Director of Maxillofacial Prosthetics-Jonathan and Maxine Ferencz 
Advanced Education Program in Prosthodontics at New York University 
College of Dentistry, New York, NY 

Clinical Assistant Professor of Surgery (Maxillofacial Prosthetics) 
Director of Craniofacial Prosthetics-The Institute of Recontructive Plastic 
Surgery at Langone-New York University Medical Center, New York, NY 
(See attached curriculum vitae) 

With respect to measurement of the Modulus of Elasticity on dental posts by an 
Instron machine, the measurements are done as follows: 
The standard for testing dental materials to determine the mechanical properties 
(such as Young's Modulus) of a material, is performed using a vertical pull device 
such as the one made by INSTRON Inc. Fiber reinforced composites have a 
mechanical property called "anisotropy". This means that if pulled vertically (as is 
the case with an with Instron" machine) the fibers engage more vs. transversely 
where more resin and less fibers engage the forces. Therefore the transverse 
values by definition will be lower due to innate material properties. In order to 
report consistent values for materials the vertical methods afforded through the 
use of an Instron machine are generally employed in dental materials testing 
For reinforced composites (such as those made of resin and fiber) applying the 
testing force at transverse angles other than a vertical orientation would 
incorporate more resin and less fiber into the results and should not 
be considered the standard because in any transverse calculation the 
resin is the weakest link and will skew the results. The vertical 
test is the standard because all traditional materials have been 
tested that way such as gold and other alloys. 

I further declare that all statements made herein of my own knowledge 
are true and that all statements made on information and belief are believed to 
be true; and further that these statements were made with knowledge that willful 
false statements and the like so made are punishable by fine or imprisonment, or 



both, under Section 1001 of Title 18 of the United States Code, and that such 
willful false statements may jeopardize the validity of the application or any 



patent issuing thereon. 
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9/1/89 - 9/30/92 
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Prosthodontics at New York University College of 
Dentistry 

New York University Medical Center 
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Appointments: 
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Montefiore Medical Center 
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Department of Dentistry 
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Brigham & Women's Hospital/Harvard Medical 
School 
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9/1/89 - 8/30/90 
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12/91 - 10/31/95 
12/93 - 10/31/96 
10/94 - 10/31/96 

11/94 - 10/31/96 
6/99 

3/1/99 - 6/30/2000 

2/2003 - Present 
11/2003 

2004 



New York University College of Dentistry 

New York, NY 

Division of Restorative & Prosthodontic Sciences 
Department of Comprehensive Care & Applied 

Director - Maxillofacial Prosthetics 

Advanced Education Program in Prosthodontics 
Co-director - Maxillofacial Prosthetics 
Advanced Education Program in Prosthodontics 
Director of Prosthodontics for Advanced Standing 
Dentists Program & Clinic Chief 
Senior Module Director, Clinic 3A - Advanced 
Standing Dentists Program 

Assistant Director of Clinical Fixed Prosthodontics 

Judge - Clinical Section - Student Table Clinic 
Committee 

Student Table Clinic Planning Committee 

Prosthodontic Consultant - Cleft Palate Team, 

New York University College of Dentistry Center for 

Dentofacial Deformities 

Student - Faculty Planning Committee 

Student - Faculty Grievance Committee 

Ad-hoc Committee for Patient Care & Clinic 

Management 

Faculty Grievance Committee 

Strategic Planning Committee - Global Impact Group 
Postgraduate Program in Prosthodontics - Chair, Ad 
Hoc Committee on Clinical Productivity Standards 
Senior Honors Prosthodontics Selection Committee 
ADA Accreditation Panel - Postgraduate Program in 
Prosthodontics 

Head of development campaign to raise $150,000 in 
honor of Professor Francis V. Panno Postgraduate 
Prosthodontics Seminar Room 



Lecture Responsibilities: 
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Advanced Education Program in Prosthodontics : 

• Course Director - Lecture Series in Maxillofacial 

Prosthetics (D40.8055001) 
(25 one hour sessions) 

• Course Director - Literature Review in Maxillofacial 

Prosthetics (D40.8050001) 
(25 one hour sessions) 

• Course Director - Hospital Experience in Maxillofacial 

Prosthetics (D40.9063001) 
(10 one hour sessions) 



CV-LEB, DDS April 2008 



4 
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Postgraduate Fellowship Program in Implant 
Dentistry 

Pre-doctoral Dental Program : 

Senior Prosthodontics Honors Program Faculty 
Removable Prosthodontics Lecture Series 
Fixed Prosthodontics Lecture Series 
Advanced Standing Dentists Lecture Series 

• Course Director - Honors Program in Prosthodontics 

Prosthodontic Faculty In-service Training Lecture 
Series 

Continuing Dental Education Program 
NERB Remediation Program in Prosthodontics 



Hospital 

Responsibilities & 
Committees: 



12/1/97 - Present 
5/1/04 -Present 



11/1/05 - Present 



1/1/95 -Present 
12/1/93 - Present 



10/1/92 - Present 



7/1/97 - Present 
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New York University Medical Center 
Institute for Reconstructive Plastic Surgery 

Department of Surgery 
New York, NY 

Executive Committee - IRPS 
Development Campaign Committee- 
50 th Anniversary IRPS 

(Planning and execution of $20 million to construct new 

physical facility for Institute of Reconstructive Plastic 

Surgery including identifying and procuring construction 

project manager and capital campaign firms) 

Future of the Institute Committee ( Charged to provide 

plan for future direction of Institute of Reconstructive 

Plastic Surgery and move to departmental status within the 

NYU Medical Center) 

Director of Dental Services 

Prosthetic Director - Center for Craniofacial 

Prosthetics 

Attending Prosthodontist: 

Craniofacial Team 
Cleft Palate Team 
Ear Anomalies Team 
Craniofacial Prosthetics Team 

Department of Otolaryngology 

Consultant-Swallowing Disorders Center 



9/1/89 - 12/31/95 



Montefiore Medical Center 

Department of Dentistry 
Bronx, NY 

Prosthodontic Consultant - Cleft Palate Team /Center 
for Craniofacial Deformities 



Professional Societies 
& Committees: 

1985 - Current 



1985 - 1989 

1986 - Current 



1991 - Current 



Omicron Kappa Upsilon Dental Honor Society 



7/1/89 - 6/30/90 
7/1/90 - 6/30/91 

7/1/91 - 6/30/92 

7/1/92 - 6/30/93 

7/1/93 - 6/30/94 

7/1/94 - 6/30/95 

7/1/95 - 6/30/95 
7/1/95 - 6/30/96 
7/1/96 - 6/30/97 



Chair - Auditing Committee 
Auditing Committee, Publications 
Committee 

Auditing Committee, Publications 
Committee 

Publications Committee, 
Student Activities Committee 
Auditing Committee 
Student Activities Committee 
Chair- Auditing Committee 
Student Activities Committee 
Chair- Auditing Committee 
Chair- Auditing Committee 
Chair- Auditing Committee 



American Association of Hospital Dentists 
American College of Prosthodontist s 



1/1/92 - 12/31/95 

1/1/92 - 12/31/95 
1993, '94, '96, '97, '99 



1999, 2003 
2003 - 2005 



2008 - Current 



Committee on the Care of the 
Maxillofacial Patient 
Computer Committee 
New York Section Delegate to 
Annual ACP Meeting 
House of Delegates Session 
Judge - Table Clinics Competition 
Regional coordinator (NY, CT, 
VT)-Educational Foundation 
Annual Giving Campaign 
Board of Directors, Northeast 
Regional Representative 



American College of Prosthodontists - 
New York Section 

Liaison to Postgraduate Educational Programs 
Program Chairman - 1992 Fall Meeting 
5/1/93 - 4/30/97 Secretary 
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1987 - 1993 
1990 - Current 



1991 
1992 
1992 
1995 
1997 
1997 
1997 
1998 



1999 

2002 

1995 

2000 

Current 

Current 

Current 

Current 



1998 - Current 



5/1/97 - 4/30/98 Vice-President 

1/1/98 - 12/31/99 President 

10/1/01 - 12/31/04 Nominating Committee 

Federation of Prosthodontic Organizations 

American Cleft Palate-Craniofacial Association 

Northeastern Gnathological Society 

New York Head & Neck Society 

American Association of Dental Schools 

American Association of Dental Research 

American Dental Association 

New York State Dental Society 

First District Dental Society 

American Academy of Maxillofacial Prosthetics 
Fellow 

Associate Fellow 

Insurance /Oral Health Committee 
Education Committee, Insurance 
Committee, and Research Committee 
Fellowship Committee, Ectodermal 
Dysplasia Committee, ABP Examiner 
Committee (Chair), and Insurance/ Oral 
Health Committee 
Board of Directors 

Greater New York Academy of Prosthodontics 
Fellow 

1999 - Reception Committee 

1999 - Spring Meeting Committee 

2000 - Fall Arrangements Committee 

2001 - Fall Arrangements Committee, 

Spring Meeting Committee 

2002 - Fall Arrangements Committee, 

Dinner Meeting Committee 

2003 - Fall Arrangements Committee, Vice-Chair Elect 

2004 - Fall Arrangements Committee, Vice-Chairman 

2005 - Fall Arrangements Committee, Chairman 

Reception Committee, Chairman 
Publication Committee, Vice-Chairman 
Liaison to the ACP Forum 



2002 


- Current: 


1998 


- 2002: 


1999 


- 2002: 


2002 


- 2005: 


2005 


- Current: 


2005 


- Current: 
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Site Selection Committee 

2006 - Site Selection Committee, Chairman 

Publications Committee, Chairman 
Fall Arrangements Committee (Adviser) 
Strategic Planning Committee 
Program Committee, Finance Committee, 
Membership Committee 

2007 - Council Member, Site Selection Committee- 

Chairman, Publications Committee-Chairman 
Program Committee, Membership Committee 

2008 - Council Member, Secretary-elect, Site Selection 

Committee-Chairman, Publications Committee- 
Chairman, Editor, Membership Committee 

1999 - Current Academy of Prosthodontics 

Active Fellow 

2001 - 2002: Associate Fellowship Committee (Co-Chair) 

2003 - 2004: Audiovisual Committee 

2004 - Discusser: Dr. Alan Hickey's presentation 

2005 - Present: Program Committee, Communications 

Committee 

2006 - Discusser: Dr. Kent Knoernschild & Dr. John 

Zarb presentation 

2007 - Local Arrangements, Reception Committee 
2007 - Discusser: Dr. Peter Stevenson-Moore 
presentation 

2001 - Current New York Academy of Dentistry 

Active Fellow 

2002 - Current: Dinner Committee 
2004 - Current: Membership Committee 



Other Societies 



1980 - Current 
1985 - Current 



1986 - Current 



Columbia College Alumni Association 

New York University College of Dentistry Alumni 

Association 

1993-1994 College & Undergraduate Affairs 

Committee 
1993-1994 Program Committee 

1995 Alumni Reunion Committee 

2005 Class of 1985 20 th Reunion Committee 

Harvard School of Dental Medicine Alumni 
Association 

1999 HSDM NY Region Alumni Reception 

Dinner Committee 
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Consultant Positions: 



January, 2008 - 
Current 

June, 2009 



June, 2008 



April, 2007 



March, 2005 



2008 - Current 
2005 - Current 
2004 - Current 
2002 - Current 



NYUCD/NYUSoM Aesthetic and Reconstructive 
Research Consortium 

Member-Scientific Advisory Board 

2 nd International Symposium in Bone Conduction 
Hearing-Craniofacial Osseointegration 
Goteborg, SWEDEN 

Member-Scientific Advisory Committee 

3rd Advanced Digital Technology in Head and Neck 
Reconstruction Meeting, Cardiff, Wales, UK 

Member-Scientific Advisory Committee 

10 th Biannual Conference on Pre-Prosthetic Surgery 
Charleston, SC 

Member-Scientific Advisory Committee 

2 nd Advanced Digital Technology in Head and Neck 
Reconstruction Meeting, Banff, Alberta, CANADA 

Reviewer - International Journal of Prosthodontics 
Reviewer - Special Care in Dentistry 
Reviewer - Cleft Folate-Craniofacial Journal 
Reviewer - Journal of Prosthetic Dentistry 



Board Certification 
Status: 

Board-eligible in Prosthodontics 

(Part I - Completed & Passed February 2003) 

Invited Lectures/Presentations/Workshops/Visiting Professorships: 

(May, 2009) Academy of Prosthodontics 

Chicago, IL 

(February, 2009) American Prosthodontic Society 

Chicago, IL 

July, 2008 "The History of Nasoalveolar Molding and Columella 

Elongation " 

Workshop in Nasoalveolar Molding 

Institute of Reconstructive Plastic Surgery Workshop in 

New York University Medical Center 

New York, NY 
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April, 2008 



April, 2008 



March, 2008 



January, 2008 



October, 2007 



October, 2007 



August, 2007 



Flores, R, Obaid, S, Hshemi, T, Grayson, BH, Cutting, CB 
& Brecht, LE: 

"Reduced Need for Alveolar Bone Grafting Following 
Presurgical Orthopedics and Primary 
Gingivoperiosteoplasty in Patients with Bilateral Clefts 
of the Lip, Alveolus and Palate" 

American Cleft Palate-Craniofacial Association 
65th Annual Scientific Session 
Philadelphia, PA 

"Nasoalveolar Molding and Pre-surgical Columella 
Elongation in Unilateral and Bilateral Clefts of the Lip, 
Alveolus and Palate" 

Study Session Conference Workshop 
American Cleft Palate-Craniofacial Association 
65th Annual Scientific Session 
Philadelphia, PA 

"Reconstructive and Esthetic Dental Treatment for the 
Cleft Palate Patient" 

Comprehensive Management of the Cleft Lip /Palate 
Patient and Family Symposium 
Institute of Reconstructive Plastic Surgery 
New York University Medical Center 
New York, NY 

"The History of Nasoalveolar Molding and Columella 
Elongation " 

Workshop in Nasoalveolar Molding 

Institute of Reconstructive Plastic Surgery Workshop in 

New York University Medical Center 

New York, NY 

"Dentofacial Aspects of Nasoalveolar Molding" 

American Academy of Maxillofacial Prosthetics 
55 th Annual Scientific Session 
Scottsdale, AZ 

"Nasoalveolar Molding and Cleft Palate Care" 

Japan Prosthodontic Society 
Tokyo, JAPAN 

King, TW, Grayson, BH, Brecht, LE, & Cutting, CB: 
"Anthropometric Evaluation of Nasal Morphology in 
Bilateral Cleft Lip and Palate Following Nasoalveolar 
Molding: 12 Year Follow-up" 

International Society of Craniofacial Surgery 
XII Scientific Session-Salvador, Bahia, BRAZIL 
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July, 2007 



May, 2007 



April, 2007 



January, 2007 



December, 2006 



November, 2006 



November, 2006 



"The History of Nasoalveolar Molding and Columella 
Elongation " 

Workshop in Nasoalveolar Molding 

Institute of Reconstructive Plastic Surgery Workshop in 

New York University Medical Center 

New York, NY 

"Nasoalveolar Molding 7 ' 

Visiting Professor 

Maxillofacial Prosthetics and Hospital Dentistry 
UCLA School of Dentistry 
Los Angeles, CA 

"Nasoalveolar Molding and Pre-surgical Columella 
Elongation in Unilateral and Bilateral Clefts of the Lip, 
Alveolus and Palate" 

Study Session Conference Workshop 
American Cleft Palate-Craniof acial Association 
64th Annual Scientific Session 
Broomfield, CO 

"The History of Nasoalveolar Molding and Columella 
Elongation " 

Workshop in Nasoalveolar Molding 

Institute of Reconstructive Plastic Surgery Workshop in 

New York University Medical Center 

New York, NY 

"Improving the Quality of Life for The Forgotten 
Patient-Advances in Cleft Palate Patient Management" 

Greater New York Academy of Prosthodontics 
The Jazz at Lincoln Center 
52 nd Annual Scientific Program 
New York, NY 

"Nasoalveolar Molding- A Review of 15 Years 
Experience with an Evolving Technique" 

Illinois Association of Craniofacial Teams 
Northwestern University Medical Center 
Chicago, IL 

Navarro, B, Brecht, L, & Kitzis, D 

"Prosthetic Rehabilitation of a Combined Maxillectomy 
and Mandibular Discontinuity Defect using 
Progressive Anterior Guidance in an Edentulous 
Patient" 

American College of Prosthodontists Annual Session 
Miami, FL 
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November, 2006 



October, 2006 



October, 2006 



October, 2006 



October, 2006 



September, 2006 



July, 2006 



Kapetanakos, MH, Brecht, LE, Vahidi, F & Jahangiri, L 
"Nasoalveolar Molding and Simplification of Cleft 
Palate Care" 

American College of Prosthodontists Annual Session 
Miami, FL 

Navarro, B, Brecht, L, & Kitzis, D 

"Prosthetic Rehabilitation of a Combined Maxillectomy 
and Mandibular Discontinuity Defect using 
Progressive Anterior Guidance in an Edentulous 
Patient" 

American College of Prosthodontists-New York Section 
New York, NY 

Kapetanakos, MH, Brecht, LE, Vahidi, F & Jahangiri, L 
"Nasoalveolar Molding and Simplification of Cleft 
Palate Care" 

American College of Prosthodontists-New York Section 
New York, NY 

"Nasoalveolar Molding and Columella Elongation" 
Continuing Education Workshop 

International Congress on Maxillofacial Rehabilitation 
Combined AAMP/ICMP Meeting 
Maui, Hawaii 

Navarro, B, Brecht, L, & Kitzis, D 

"Prosthetic Rehabilitation of a Combined Maxillectomy 
and Mandibular Discontinuity Defect using 
Progressive Anterior Guidance in an Edentulous 
Patient" 

International Congress on Maxillofacial Rehabilitation 
Combined AAMP/ICMP Meeting - (Poster clinic) 
Maui, Hawaii 

"The Role of the Maxillofacial Prosthodontist on 
Interdisciplinary Cleft Palate and Craniofacial Teams" 

Institute of Reconstructive Plastic Surgery 
New York University Medical Center 
New York, NY 

"The History of Nasoalveolar Molding and Columella 
Elongation " 

Workshop in Nasoalveolar Molding 

Institute of Reconstructive Plastic Surgery Workshop in 

New York University Medical Center 

New York, NY 
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April, 2006 



April, 2006 



April, 2006 



April, 2006 



February, 2006 



February, 2006 



December, 2005 



October, 2005 



"Auricular Reconstruction-Prosthetic and Surgical 
Options" 

National Foundation for Facial Reconstruction Workshop 
New York University Medical Center 
New York, NY 

Garfinkle, J, Grayson, BH, Brecht, LE & Cutting CB 
"Long-term Effects on Midface Growth of 
Gingivoperiosteoplasty with Presurgical Infant 
Orthopedics in Unilateral Cleft Lip and Palate" 

American Cleft Palate-Craniofacial Association 
63rd Annual Scientific Session 
Vancouver, British Columbia, CANADA 

"Nasoalveolar Molding and Pre-surgical Columella 
Elongation in Unilateral and Bilateral Clefts of the Lip, 
Alveolus and Palate" 

Study Session Conference Workshop 
American Cleft Palate-Craniofacial Association 
63rd Annual Scientific Session 
Vancouver, British Columbia, CANADA 

"Optimizing Esthetics with Procera® Restorations" 

Nobel Biocare World Congress 
Baltimore, MD 

"Extreme Prosthetics: Maxillofacial Prosthodontics in 
the Patient Care Continuum" 

Chicago Mid-Winter Dental Meeting 
American College of Prosthodontists Program 
Chicago, IL 

"The Role of the Maxillofacial Prosthodontist on 
Interdisciplinary Cleft Palate and Craniofacial Teams" 
Institute of Reconstructive Plastic Surgery 
New York University Medical Center 
New York, NY 

Venkatachalam, B & Brecht, LE: 

"The Multidisciplinary Approach to Dental Treatment 
of a Patient with EEC Syndrome: A Case Report" 

Greater New York Academy of Prosthodontics 
51 st Annual Scientific Session - (poster clinic) 
Jazz at Lincoln Center, New York, NY 

"The History of Nasoalveolar Molding and Columella 
Elongation " 

Workshop in Nasoalveolar Molding 

Institute of Reconstructive Plastic Surgery Workshop in 
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New York University Medical Center 
New York, NY 



October, 2005 



October, 2005 



October, 2005 



September, 2005 



May, 2005 



April, 2005 



Venkatachalam, B & Brecht, LE: 

"The Multidisciplinary Approach to Dental Treatment 
of a Patient with EEC Syndrome: A Case Report" 

American College of Prosthodontics Annual Session 
Annual Scientific Session (poster clinic) 
Los Angeles, CA 

Venkatachalam, B & Brecht, LE: 

"The Multidisciplinary Approach to Dental Treatment 
of a Patient with EEC Syndrome: A Case Report" 

American College of Prosthodontics -New York Section 
Annual Scientific Session (poster clinic) 
New York, NY 

"An Update on the 21089 and Infant Cleft Palate Care: 
What We Now Know After 10 Years of NAM" 

American Academy of Maxillofacial Prosthetics 
53rd Annual Scientific Meeting 
Los Angeles, CA 

"Maxillofacial Prosthetic Care for Children with Cleft 
Lip, Alveolus and Palate, Hemifacial Microsomia and 
Other Anomalies of the Craniofacial Region" 

Center for Disease Control & National Foundation for 
Facial Reconstruction Interdisciplinary Conference for 
Children Born with Craniofacial Malformations 
New York University Medical Center, NY, NY 

"Nasoalveolar Molding in Infants Bom with Clefts of 
the Lip, Alveolus and Palate" 

American Association of Orthodontics 
105 th Annual Session 
San Francisco, CA 

(Table clinic presentation-authors: Shetye, P, Grayson, 

BH, Brecht, LE, & Cutting, CB) 

Awarded the Joseph E. Johnson Award for Clinical 

Excellence 

"Nasoalveolar Molding and Presurgical Columella 
Elongation in Unilateral and Bilateral Clefts of the Lip, 
Alveolus and Palate" 

Study Session Conference Workshop 
American Cleft Palate-Craniofacial Association 
62 nd Annual Scientific Session 
Myrtle Beach, SC 
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January, 2005 



January, 2005 



October, 2004 



March, 2004 



March, 2004 



February, 2004 



December, 2003 



November, 2003 
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"Maxillofacial and Craniofacial Prosthetics in 
Reconstructive Plastic Surgery" 

Institute of Reconstructive Plastic Surgery Workshop in 
New York University Medical Center 
New York, NY 

'The History of Nasoalveolar Molding and Columella 
Elongation " 

Workshop in Nasoalveolar Molding 

Institute of Reconstructive Plastic Surgery Workshop in 

New York University Medical Center 

New York, NY 

"The History of Nasoalveolar Molding and Columella 
Elongation " 

Workshop in Nasoalveolar Molding 

Institute of Reconstructive Plastic Surgery Workshop in 

New York University Medical Center 

New York, NY 

"Cleft Palate Care from Infancy to Adulthood - The 
Prosthodontist's Role" 

New York Academy of Dentistry 
New York, NY 

"The History of Nasoalveolar Molding and Columella 
Elongation " 

Study Session Conference Workshop 
American Cleft Palate-Craniofarial Association 
61 st Annual Scientific Session 
Chicago, IL 

"Microvascular Reconstruction of the Pediatric 
Mandible" 

Warren, SM, Borud, S, Brecht, LE, Longaker, MT & 
Siebert, JW 

Northwest Society of Plastic Surgeons 

42 nd Annual Meeting 

Lake Louise, Alberta, Canada 

"Maxillofacial and Craniofacial Prosthetics - Their Role 
in Interdisciplinary Team Care" 

Institute of Reconstructive Plastic Surgery 
New York University Medical Center 
New York, NY 

"History and Evolution of Nasoalveolar Molding and 
Columella Elongation" 

Workshop in Nasoalveolar Molding 
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Institute of Reconstructive Plastic Surgery 
New York University Medical Center 
New York, NY 



October, 2003 "Nasoalveolar Modeling and Columella Elongation" 

Cutting, CB Grayson, BH, & Brecht, LE 
American Society of Plastic Surgeons 
Annual Scientific Session 
San Diego, CA 

June, 2003 "History and Evolution of Nasoalveolar Molding and 

Columella Elongation" 

Workshop in Nasoalveolar Molding 
Institute of Reconstructive Plastic Surgery 
New York University Medical Center 
New York, NY 

March, 2003 "Facial Prosthetics and Reconstructive Plastic Surgery' 

National Foundation for Facial Reconstruction 
Board of Director's Meeting 
New York, NY 

March, 2003 "Maxillofacial & Craniofacial Prosthetics in Plastic 

Surgery" 

Institute of Reconstructive Plastic Surgery 
New York University Medical Center 
New York, NY 

November, 2002 "Current Rehabilitation of the Cleft Palate Patient: The 

NYU/IRPS Experience" 

American Academy of Maxillofacial Prosthetics 
50 th Anniversary Annual Scientific Session 
Orlando, FL 

"Workshop in Nasoalveolar Molding & Columellar 
Elongation" 

Institute of Reconstructive Plastic Surgery 
New York University Medical Center 
New York, NY 

"Nasoalveolar Molding and Columellar Elongation" 

Study Session Conference Workshop 
American Cleft Palate-Craniofacial Association 
59 th Annual Scientific Session 
Seattle, WA 



June, 2002 



May, 2002 



December, 2001 "Maxillofacial & Craniofacial Prosthetics" 

Institute of Reconstructive Plastic Surgery 
New York University Medical Center 
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New York, NY 



November, 2001 



June, 2001 



June, 2001 



May, 2001 



"State of the Art in Craniofacial Rehabilitation" 

Dean's Development Program 

New York University College of Dentistry 

New York, NY 

"The Long-term Effect of Presurgical Nasoalveolar 
Molding on Three-Dimensional Nasal Shape in 
Complete Unilateral Clef ts" 

Grayson, BH, Cutting, CB, Maull, D, & Brecht, LE 
9 th International Congress on Cleft Palate and Related 
Craniofacial Anomalies 
Goteborg, Sweden 

"Treatment of the Infant with Cleft Lip, Alveolus and 
Palate" 

Grand Rounds-Department of Pediatrics 
Stamford Hospital 
Stamford, CT 

"Reconstruction of the Pediatric Craniofacial Patient: 
Evolving Technologies and New Paradigms of Care" 

Academy of Prosthodontics 
83rd Annual Scientific Session 
Santa Fe, NM 



April, 2001 "Presurgical Nasoalveolar Molding" 

American Cleft Palate-Craniofacial Association 
58th Annual Scientific Session 
Minneapolis, MN 

April, 2001 "Interdisciplinary Management of the Craniofacial and 

Cleft Palate Patients" 
Visiting Professor 

University of Pittsburgh 
Cleft Palate-Craniofacial Team 
Pittsburgh, PA 

April, 2001 "Presurgical Nasoalveolar Molding in Early Cleft 

Palate Care" 
Visiting Professor 

University of Pittsburgh 
Department of Plastic Surgery 
Pittsburgh, PA 

February, 2001 "Interdisciplinary Management of the Craniofacial and 

Cleft Palate Patients" 
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American Association of Orthodontists 
Interdisciplinary Conference 
Dallas Adams Mark Hotel 
Dallas, TX 

January, 2001 "Nasoalveolar Molding and Columellar Elongation in 

Early Cleft Palate Care M 

Grand Rounds-Combined Cleft Palate Teams: St. Charles 
Hospital, North Shore University Hospital, Long Island 
Jewish Medical Center, Stony Brook University Hospital 
St. Charles Hospital 
Port Jefferson, NY 



December, 2000 "Maxillofacial & Craniofacial Prosthetics" 

Institute of Reconstructive Plastic Surgery 
New York University Medical Center 
New York, NY 



November, 2000 "Modern Methods in the Early Management of 

Congenital Anomalies" 

3rd Joint Symposium- American Academy of 

Maxillofacial Prosthetics & International Congress of 

Maxillofacial Prosthetics 

(Keynote Speaker /Panel Discussant) 

Kauai, HI 



November, 2000 "Prosthetic Management of Congenital Defects" 

The Italian Dental Society 
Staten Island, NY 



April, 2000 "Presurgical Nasoalveolar Molding & Columellar 

Lengthening" 

Study Session/ Eye Opener 

American Cleft Palate-Craniofacial Association 

57 th Annual Meeting 

Atlanta, GA 

April, 2000 "Associations Between Severity of Clefting and 

Maxillary Growth in ULCP Patients Treated with 
Infant Orthopedics'' 

American Cleft Palate-Craniofacial Association 
57 th Annual Meeting 
Atlanta, GA 



April, 2000 "Cephalometric Analysis of Facial Morphology 5- Years 

Following Different Modes of Infant Orthopedics in 
UCLP Patients" 
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American Cleft Palate-Craniof acial Association 
57 th Annual Meeting 
Atlanta, GA 

March, 2000 "Nasoalveolar Molding and Columellar Lengthening: 

State of the Art in Cleft Care" 

Grand Rounds-Department of Dentistry 
Overlook Hospital 
Summit, NJ 

February, 2000 "Nasoalveolar Molding and Columellar Lengthening: 

State of the Art in Cleft Care" 

American Academy of Restorative Dentistry 
70 th Annual Scientific Meeting-Drake Hotel 
Chicago, IL 

December, 1999 "Maxillofacial & Craniofacial Prosthetics in 

Reconstructive Plastic Surgery" 

Institute of Reconstructive Plastic Surgery 
NYU Medical Center 
New York, NY 

October, 1999 "The Effect of Early Le Fort III Surgery on Permanent 

Molar Eruption in Patients with Craniosynostosis" 

Grayson, BH, Santiago, PE, Brecht, LE, Degen, M & 
McCarthy, JG 

International Society of Craniofacial Surgery 
VHIth International Congress 
Taipei, Taiwan 

October, 1999 "Cleft Palate Care: Interdisciplinary Advances" 

American College of Prosthodontists 
Annual Scientific Meeting 
New York, NY 

October, 1999 "Presurgical Infant Nasoalveolar Molding and 

Columellar Lengthening in the Cleft Palate Patient" 

University of Glasgow-Canniesburn Hospital 
Workshop 

International Course in Advanced Cranio-Maxillofacial 
Surgery-Beardmore Conference Hotel 
Glasgow, Scotland 

October, 1999 "Prosthodontic Rehabilitation of the Cleft Patient" 

University of Glasgow-Canniesburn Hospital 
International Course in Advanced Cranio-Maxillofacial 
Surgery-Beardmore Conference Hotel 
Glasgow, Scotland 
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July, 1999 



June, 1999 



June, 1999 



April, 1999 



April, 1999 



April, 1999 



April, 1999 



"Fabrication of a Nasoalveolar Presurgical Infant 
Orthopedic Molding Device for the Bilateral Cleft 
Palate Patient" 

Faculty-Workshop on Treatment of Cleft Lip & Palate 
School of Dentistry-University of Western Ontario 
London, Ontario, Canada 

"Microvascular Reconstruction of the Pediatric 
Mandible" 

Borud L, Siebert JW, & Brecht LE 

International Society of Reconstructive Microsurgery 

Annual Meeting 

Los Angeles, CA 

"Cleft Palate Care: Advances in the Interdisciplinary 
Approach" 

Grand Rounds-Department of Dentistry 
Carolinas Medical Center 
Charlotte, NC 

"Craniofacial & Cleft Plate Prosthetics - The State of 
the Art" 

Richmond County Dental Society 
Richmond Country Club, Staten Island, NY 

"Pre-surgical Naso-alveolar Molding (NAM) and 
Columella Elongation - An Intercenter Report of 
Technique and Outcomes" (Study Session) 
American Cleft Palate-Craniofacial Association 
56 th Annual Meeting 
Scottsdale, AZ 

"Effect of Presurgical Nasal Molding on Unilateral 
Cleft Lip and Palate" 

Lin, Grayson, Brecht, Lee & Cutting 
American Cleft Palate-Craniofacial Association 
56 th Annual Meeting 
Scottsdale, AZ 

"The Need for Surgical Columella Lengthening and 
Nasal Width Revision Before the Age of Bone Grafting 
in Patients with Bilateral Cleft Lip Following 
Presurgical Nasal Molding and Columella 
Lengthening" 

Lee, Grayson, Brecht, Cutting, Lin 
American Cleft Palate-Craniofacial Association 
56 th Annual Meeting 
Scottsdale, AZ 
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April, 1999 



March, 1999 



December, 1998 



December, 1998 



December, 1998 



October, 1998 



July, 1998 



"Long-term Study of Midface Growth in Unilateral 
Cleft Lip and Palate Patients Following 
Gingivoperioplasty" 

Lee, Grayson, Brecht, Cutting, Lin 
American Cleft Palate-Craniofacial Association 
56 th Annual Meeting 
Scottsdale, AZ 

"Current Concepts in Cleft Palate Care" 

Columbia University School of Dental & Oral Surgery 
Graduate Prosthodontic Program 
New York, NY 

"Fabrication of a Nasoalveolar Presurgical Infant 
Orthopedic Molding Devices for Cleft Palate Patients" 

"Simposio Actualization en Tratamiento Labio y 
Paladar Fisurado" 

Sociedad de Beneficiencia Hospital Aleman 
Santiago, Chile 

"Prosthodontic Considerations in the Care of the Cleft 
Palate Patient" 

"Simposio Actualization en Tratamiento Labio y 
Paladar Fisurado" 

Sociedad de Beneficiencia Hospital Aleman 
Santiago, Chile 

"Prosthodontic Considerations in the Care of the Cleft 
Palate Patient" 

Osseointegration Academy of Santiago 
Santiago, Chile 

"Cleft Palate Care: Interdisciplinary Advances" 

American Academy of Maxillofacial Prosthetics 
46 th Annual Scientific Meeting 
Victoria, British Columbia, Canada 

"Fabrication of a Nasoalveolar Presurgical Infant 
Orthopedic Molding Device for the Bilateral Cleft 
Palate Patient" 

Faculty-Workshop on Treatment of Cleft Lip & Palate 
School of Dentistry-University of Western Ontario 
London, Ontario, Canada 



June, 1998 "Cleft Palate Care: Interdisciplinary Advances" 

Montefiore Medical Center /Jacobi Medical 
Center/ Albert Einstein College of Medicine 
Grand Rounds-Dental Service /Cleft Palate Team 
Bronx, NY 
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June, 1998 "Cleft Palate Care: Interdisciplinary Advances" 

University of Connecticut 
School of Dental Medicine 
Farmington, CT 

May, 1998 "Cleft Palate Care: Advances in the Interdisciplinary 

Approach'' 

Academy of Prosthodontics 
80 th Annual Scientific Session 
Colorado Springs, CO 



April, 1998 



April, 1998 



March, 1998 



March, 1998 



January, 1998 



December, 1997 



"Cleft Palate Care: Interdisciplinary Advances" 

Grand Rounds-Cleft Palate Team 

Eastman Dental Center-University of Rochester 

Rochester, NY 

"Esthetic Restoration of Craniofacial Defects- 
Osseointegrated Prostheses" 

National Foundation for Facial Reconstruction 
Board of Directors 
New York, NY 

"Neonatal Auricular Cartilage Molding" 

Brecht, LE, Grayson, BH & Thorne, CH 
Ear Reconstruction '98 - Choices for the Future 
Chateau Lake Louise 
Alberta, Canada 

"Indications for Autogenous vs. Prosthetic Auricular 
Reconstruction: The NYU Experience" 

Thorne, CH, Brecht, LE, & Hammerschlag, PE 
Ear Reconstruction '98 - Choices for the Future 
Chateau Lake Louise 
Alberta,. Canada 

"Aural Atresia: Surgical Outcome in a Multidiscipline 
Center" 

Hammerschlag, PE, Brecht, LE, Thorne, CH, & Roland, 
TA. 

American Laryngological, Rhinological & Otological 
Society-Eastern Section Meeting 
New York, NY 

"Cleft Palate Care: Interdisciplinary Advances" 

Greater New York Academy of Prosthodontics 
43 rd Annual Fall Scientific Meeting 
New York, NY 
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October, 1997 "Engineering of Cartilaginous Human Shapes in Vitro 

Using Plasma Derived Polymer Substances and 
Chondrocytes" 

Northeastern Society of Plastic Surgeons 
Bermuda 

September, 1997 "Esthetic Restoration of Orbital Defects- 

Osseointegrated Prostheses" 

National Foundation for Facial Reconstruction 
Board of Directors 
New York, NY 

September, 1997 "Engineering of Cartilaginous Human Shapes in Vitro 

Using Plasma Derived Polymer Substances and 
Chondrocytes" 

International Society of Craniofacial Surgery 
Vllth International Congress 
Santa Fe, NM 

September, 1997 "Osseointegrated Craniofacial Implants in Pediatric 

Auricular Reconstruction: Indications and 
Contraindications" 

International Society of Craniofacial Surgery 
Vllth International Congress 
Santa Fe, NM . 

September, 1997 "Reconstruction of Severe Periorbital Deformities 

Using Microsurgical Free Tissue Transfers" 

International Society of Craniofacial Surgery 
Vllth International Congress 
Santa Fe, NM 

July, 1997 "Ear Reconstruction-The Prosthetic Options" 

The Treacher Collins Symposium 
New York University Medical Center 
New York, NY 

May, 1997 "Craniofacial Applications of Osseointegration" 

Harvard University Combined Residency Program/ 
Department of Dentistry 
Brigham & "Women's Hospital 
Boston, MA 

May, 1997 "Twelve year Experience of Nasoalveolar Molding 

Therapy in Bilateral Cleft Palate Repair" 

American Association of Plastic and Reconstructive 
Surgeons-Annual Meeting 
Portland, OR 
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May, 1997 



April, 1997 



April, 1997 



November, 1996 



September, 1996 



September, 1996 



June, 1996 



June, 1996 



May, 1996 



"Complications Associated with Antral Augmentation 
Procedures'' 

American Rhinologic Society 
Scottsdale, AZ 

"The Effect of Early LeFort III Surgery on Permanent 
Molar Eruption in Patients with Craniosynostosis" 

American Cleft Palate-Craniofacial Association 
54th Annual Scientific Session 
New Orleans, LA 

"Long Term Effects of Nasoalveolar Molding on Three- 
Dimensional Nasal Shape in Unilateral Clefts" 

American Cleft Palate-Craniofacial Association 
54 th Annual Scientific Session 
New Orleans, LA 

"Current Concepts in Craniofacial Prosthetics" 

Second District Dental Society 
Fort Hamilton, NY 

"Prosthodontic Management of Velopharyngeal 
Insufficiency" 

Eighteenth Annual Symposium on Cleft Palate 

Surgery 

New York, NY 

"Cleft Palate Prosthodontics" 

Eighteenth Annual Symposium on Cleft Palate 

Surgery 

New York, NY 

"Current Concepts in Craniofacial & Maxillofacial 
Prosthetics" 

Department of Dentistry 

Carolinas Medical Center, Charlotte, NC 

"Nasal Orthopedic Molding Appliances in Unilateral 
and Bilateral Cleft Palate Patients" 

Grand Rounds-Department of Dentistry 
Carolinas Medical Center, Charlotte, NC 

"Reconstruction of the Periorbital Soft Tissue with 
Microvascular Free Tissue" 

American Association of Plastic and Reconstructive 
Surgeons- Annual Meeting 
Hilton Head, SC 



CV-LEB, DDS April 2008 



24 



May, 1996 



April, 1996 



April, 1996 



March, 1996 



December, 1995 



November, 1995 



November, 1995 



October, 1995 



October, 1995 



"The Interdisciplinary Approach to Management of 
the Craniofacial Patient" 

Harvard University Combined Residency Program/ 
Department of Dentistry 
Brigham & Women's Hospital 
Boston, MA 

"Elimination of Alveolar Bone Grafting by Primary 
Gingivoperiosteoplasty" 

American Cleft Palate Association 
53 rd Annual Meeting 
San Diego, CA 

"Cleft Palate Prosthetics" 

Icarus Study Club 
New York, NY 

"The Long Term Effects of Mandibular Distraction: A 
Cephalometric Study" 

American Association of Dental Research 
Annual Meeting 
San Francisco, CA 

"Maxillofacial Rehabilitation of the Head & Neck 
Cancer Patient" 

Columbia University School of Oral and Dental 

Surgery 

New York, NY 

"Maxillofacial Prosthetics" 

Institute of Reconstructive Plastic Surgery 
New York University Medical Center 
New York, NY 

"Reconstruction of the Periorbital Soft Tissue with 
Microvascular Free Tissue" 

Northeast Society of Reconstructive Plastic Surgeons 
Boston, MA 

"Extraoral Applications of Osseointegration" 

New York University Medical Center 
New York, NY 

"The Interdisciplinary Approach to Management of 
the Craniofacial Patient" 

American College- of Prosthodontists- Annual Meeting 
Washington, DC 



July, 1995 
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Institute of Reconstructive Plastic Surgery 
New York University Medical Center, New York, NY 

"Presurgical Columellar Elongation with One-stage 
Repair of the Bilateral Cleft Lip and Nose" 

American Cleft Palate Association- Annual Scientific 
Session 
Tampa, FL 

"Oronasal Molding Appliances for Infants with 
Unilateral or Bilateral Cleft Lip, Alveolus and Palate" 

Harvard University Combined Residency Program/ 
Department of Dentistry 
Brigham & Women's Hospital 
Boston, MA 

"Branemark Osseointegrated Implants in the 
Rehabilitation of Congenital Auricular 
Malformations" 

Forward Face - Annual Spring Meeting 
New York University Medical Center 
New York, NY 

"Effect of Presurgical Nasal Molding on Cleft Lip and 
Nose Symmetry" 

American Association of Dental Research 
Annual Session 
San Antonio, Texas 

"Columellar Elongation in the Bilateral Cleft Lip and 
Nose Patient" 

American Association of Dental Research 
Annual Session 
San Antonio, Texas 

February, 1995 "Nasal Orthopedic Molding Appliances in Unilateral 

and Bilateral Cleft Palate Patients" 

American Prosthodontic Society-Scientific Session 
Hyatt Regency Hotel 
Chicago, IL 

January, 1995 "Principles of Obturator Design" 

Harvard University Combined Residency Program/ 
Department of Dentistry 
Brigham & Women's Hospital 
Boston, MA 

December, 1994 "Current Concepts in Maxillofacial Prosthetics" 

Harvard University Combined Residency Program/ 



April, 1995 



April, 1995 



April, 1995 



March, 1995 



March, 1995 
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Department of Dentistry 
Brigham & Women's Hospital 
Boston, MA 



November, 1994 



November, 1994 



November, 1994 



June, 1994 



June, 1994 



June, 1994 



May, 1994 



February, 1994 



February, 1994 



February, 1994 
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"Maxillofacial Prosthetics in the University-based 
Medical Center" 

Department of Dentistry 

Montefiore Medical Center, Bronx, NY 

"Nasal Orthopedic Molding Appliances in Unilateral 
and Bilateral Cleft Palate Patients" 

Greater New York Dental Meeting 
New York, NY 

"Current Concepts in Maxillofacial Prosthetics" 

Greater New York Dental Meeting 
New York, NY 

"Cleft Palate Prosthesis" 

Long Island Cleft Palate Parents Association 
East Meadow, NY 

"The Role of the Maxillofacial Prosthodontist in the 
University-Based Hospital" 

Postdoctoral Program in Prosthetic Dentistry 
Harvard School of Dental Medicine, Boston, MA 

"Prosthetic Rehabilitation of Maxillary Defects" 

Grand Rounds-Department of Dentistry 
Brooklyn Hospital Center, Brooklyn, NY 

"Current Concepts in Craniofacial & Maxillofacial 
Prosthetics" 

Postdoctoral Program in Prosthetic Dentistry 
Harvard School of Dental Medicine, Boston, MA 

"Nasal Orthopedic Molding Appliances in Unilateral 
and Bilateral Cleft Palate Patients" 

Institute of Reconstructive Plastic Surgery 
New York University Medical Center 
New York, NY 

"Current Concepts in Craniofacial & Maxillofacial 
Prosthetics" 

Department of Dentistry 

Carolinas Medical Center, Charlotte, NC 

"The Role of the Maxillofacial Prosthodontist in a 
University Hospital" 
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January, 1994 



January, 1994 



December, 1993 



November, 1993 



November, 1993 



November, 1993 



October, 1993 



October, 1993 



August, 1993 



Grand Rounds-Department of Dentistry 
Carolinas Medical Center, Charlotte, NC 

"Implants in Maxillofacial Prosthetics" 

Harvard University Combined Residency Program/ 
Department of Dentistry 
Brigham & Women's Hospital 
Boston, MA 

"Current Concepts in Craniofacial & Maxillofacial 
Prosthetics" 

Bay Ridge Dental Society 
Brooklyn, NY 

"Principles of Obturator Design" 

Harvard University Combined Residency Program/ 
Department of Dentistry 
Brigham & Women's Hospital 
Boston, MA 

"Nasal Orthopedic Molding Appliances in Unilateral 
and Bilateral Cleft Palate Patients" 

Institute of Reconstructive Plastic Surgery 
New York University Medical Center 
New York, NY 

"Current Concepts in Maxillofacial Prosthetics" 

Indian Dental Association (U.S.A.) 
Rego Park, NY 

"Current Concepts in Maxillofacial Prosthetics" 

Harvard University Combined Residency Program/ 
Department of Dentistry 
Brigham & Women's Hospital 
Boston, MA 

"Nasal Orthopedic Molding Appliances in Unilateral 
and Bilateral Cleft Palate Patients" 

American College of Prosthodontists - 24th Annual 
Meeting - The Wyndham Hotel 
Palms Springs, CA 

"Implants in Maxillofacial Prosthetics" 

Department of Dentistry 

Montefiore Medical Center, Bronx, NY 

"Implants in Maxillofacial Prosthetics" 

Current Concepts in American Dentistry 
International Continuing Dental Education Program 
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New York University College of Dentistry, NY, NY 



March, 1993 



December, 1992 



September, 1992 



May, 1992 



May, 1992 



April, 1992 



February, 1992 



December, 1991 



November, 1991 



"An Overview of Intraoral and Extraoral Implants 
in the Maxillofacial Patient " 

The Narrows Study Club 
Brooklyn, NY 

"The Application of Osseointegration in Maxillofacial 
Prosthetics" 

Current Concepts in American Dentistry 
International Continuing Dental Education Program 
New York University College of Dentistry, NY, NY 

"Extraoral Applications of Branemark 
Osseointegrated Implants" 

Current Concepts in American Dentistry 
International Continuing Dental Education Program 
New York University College of Dentistry, NY, NY 

"A Review of the Current Literature in Maxillofacial 
Prosthetics" 

Department of Dentistry 

Charlotte Memorial Hospital, Charlotte, NC 

"The Role of the Maxillofacial Prosthodontist in a 
University Hospital" 

Grand Rounds-Department of Dentistry 
Charlotte Memorial Hospital, Charlotte, NC 

"Extraoral Applications of Branemark 
Osseointegrated Implants" 

Postdoctoral Implant Fellowship Program 

New York University College of Dentistry, NY, NY 

"Current Concepts in Maxillofacial Prosthetics" 

Postdoctoral Program in Prosthetic Dentistry 
Harvard School of Dental Medicine, Boston, MA 

"Maxillofacial Prosthetics in the Treatment of the 
Head & Neck Cancer Patient" 

Grand Rounds - Department of Dentistry 
Brigham & Women's Hospital, Boston, MA 

"Branemark Osseointegrated Implants in the 
Rehabilitation of Congenital Auricular Malformations' 

Institute of Reconstructive Plastic Surgery 

New York University Medical Center, New York, NY 
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October, 1991 



August, 1991 



January, 1991 



September, 1990 



August, 1990 



September, 1989 



July, 1989 



July, 1989 



May, 1989 



March, 1989 

CV-LEB, DDS April, 2008 



"An Introduction to Maxillofacial Prosthetics and 
Dental Oncology" 

Grand Rounds - Department of Oral & Maxillofacial 
Surgery 

The Brooklyn Hospital Center, Brooklyn, NY 

"An Introduction to Maxillofacial Prosthetics and 
Dental Oncology" 

Department of Dentistry 

Montefiore Medical Center, Bronx, NY 

"Branemark Osseointegrated Implants and the 
Restoration of the Edentulous Mandible" 

Department of Dentistry Veterans Administration 
Medical Center, New York, NY 

"Maxillofacial Prosthetics in the Care of the Head & 
Neck Cancer Patient" 

Grand Rounds - Department of Otolaryngology 
Montefiore Medical Center, Bronx, NY 

"An Introduction to Maxillofacial Prosthetics and 
Dental Oncology" 

Dental Service - Montefiore Medical Center, Bronx, 
NY 

"Maxillofacial Prosthetics in the Care of the Head & 
Neck Cancer Patient" 
Postgraduate Prosthodontic Program 
Montefiore Medical Center, Bronx, NY 

"Dental Considerations in the Patient Experiencing 
Cancer Chemotherapy" 

Veterans Administration Medical Center 
New York, NY 

"Dental Considerations in the Patient Experiencing 
Radiation Therapy for Cancer of the Head & Neck 
Region" 

Veterans Administration Medical Center 
New York, NY 

"Maxillofacial Prosthetics in the Care of the Head & 
Neck Cancer Patient" . 

Department of Dentistry 

Worcester City Hospital, Worcester, MA 

"A Student's Perspective of a Fixed Prosthodontic 
Honors Program" 
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American Association of Dental Schools Meeting 
San Francisco, CA 

January, 1989 "Surgical and Prosthodontic Considerations in the 

Restoration of the Edentulous Mandible Utilizing 
Branemark Implants" 

Veterans Administration Medical Center 
New York, NY 



May, 1988 



May, 1988 



November, 1985 



"Biological Aspects of Osseointegration" 

Veterans Administration Medical Center 
New York, NY 

"A Comparative Analysis of Various Implant 
Systems - An Historical and Current Perspective 7 

New York University College of Dentistry, 
New York, NY 

"Oral Manifestations of Lymphoma" 

Clinico-pathologic Conference 

Harvard School of Dental Medicine, Boston, MA 



Invited Discussor / Moderator: 



April, 2007 



May, 2006 



December, 2004 



May, 2004 



Discusser - Dr. Peter Stevenson-Moore 
Academy of Prosthodontics 89 th Annual Meeting 
New York, NY 

Discusser - Dr. Kent Knoernschild & Dr. John Zarb 
Academy of Prosthodontics 88 th Annual Meeting 
San Francisco, CA 

Moderator - Greater New York Academy of 
Prosthodontics 50 th Anniversary Meeting 

The Plaza Hotel, New York, NY 

Discusser - Dr. Alan Hickey 

Academy of Prosthodontics 86 th Anuual Meeting 

Niagara Falls, Ontario, Canada 



Publications: 

Book Chapters 
Contributor: 



Mazaheri, M & Brecht, L 
Presurgical Infant Orthopedics 

Chapter 45 

In Losee, R & Kirschner, R (Eds.) 
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Comprehensive Cleft Care 

New York - McGraw Hill & Co. (submitted) 

Brecht, L & Mazaheri, M 

Prosthetic Management of the Cleft Patient 

Chapter 49 

In Losee, R & Kirschner, R (Eds.) 
Comprehensive Cleft Care 

New York - McGraw Hill & Co. (submitted) 

Brecht, L, Mazaheri, M & Cohen, S 

Prosthetic Management of Velopharyngeal Deficiency 

Chapter 43 

In Losee, R & Kirschner, R (Eds.) 

Comprehensive Cleft Care 

New York - McGraw Hill & Co. (submitted) 

Brecht, L: 

Maxillofacial Prosthetics 

Chapter 34 

In Thome, CH S, Beasley, R, & Aston, S (Eds.) 
Grabb and Smith's Plastic Surgery 
6th Edition, Boston - Brown, Little & Co. 
January 2007 

Brecht, L: 

Craniofacial & Maxillofacial Prosthetics 

Chapter 16 

In, McCarthy, Galianos & Boutros (Eds.) 
Current Therapies in Plastic Surgery 
Philadelphia, Harcourt Health Sciences, 2005, 

Brecht, L: 

Maxillofacial and Craniofacial Prosthetics 
Chapter 43 

In Benhaim, Longaker, Greer, Lorenz, Hedrick & Chang (Eds.) 

The Handbook of Plastic Surgery 

New York, NY - Thieme Medical Publishers, Inc., 2004. 

Brecht, L: 

Maxillofacial Prosthetics 

Jn,Lockhart, P.B., (Ed.) 

A Practical Guide to Hospital Dental Practice, 

4th Edition. Boston, MASCO Publishers 2003. 

Brecht, L, Grayson, BH & Cutting, CB: 

Current Concepts for Early Management of Cleft Lip 

and Palate 

In Taylor, Thomas D. (Ed.) 
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Clinical Maxillofacial Prosthetics 

Carol Stream, IL - Quintessence Publishing Co. Inc., 
2000. 

Santiago, PE, Degen, M, Brecht, LE, Grayson, BH & 
McCarthy, JG: 

The Effect of Early LeFort III Surgery on Permanent 
Molar Eruption in Patients with Craniosynostosis 

In Ray Chen I (Ed.) 

Craniofacial Surgery 8 - The Proceedings of the Vlllth 
International Congress of the International Society of 
Craniofacial Surgery 

Bologna, Italy - Monduzzi Editore, International Co., 
2000. 

Brecht, LE, Thorne, CH & McCarthy, JG: 
Osseointegrated Craniofacial Implants in Pediatric 
Auricular Reconstruction: Indications and 
Contraindications 

In Whitaker, I (Ed.) 

Craniofacial Surgery 7 - The Proceedings of the Vllth 
International Congress of the International Society of 
Craniofacial Surgery 

Bologna, Italy - Monduzzi Editore, International Co. 
1998. 

Brecht, L: 

Craniofacial Prosthetics 

In Aston, S, Beasley, R, & Thome, CH (Eds.) 

Grabb and Smith's Plastic Surgery 

5th Edition, Boston - Brown, Little & Co., 1997. 

Original Articles: Lee, CTH, Garfinkle, JS, Warren, SM, Brecht, LE, Cutting, 

CB, & Grayson, BH: 

Nasoalveolar Molding Improves Appearance of 
Children with Bilateral Cleft Lip/Palate 

Plastic & Reconstructive Surgery - In Press 

Warren, SM, Borud, S, Brecht, LE, Longaker, MT & 
Siebert, JW: 

Microvascular Reconstruction of the Pediatric 
Mandible 

Plastic & Reconstructive Surgery 119(2): 649-661, 2007. 

Santiago, PE, Grayson, BH, Degen, M, Brecht, LE, Singh, 
DG & McCarthy, JG: 

The Effect of an Early Le Fort III Surgery on Permanent 
Molar Eruption 

Plastic & Reconstructive Surgery 115(2): 423-427, 2005. 
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Lee, CTH, Grayson, BH, Cutting, CB, Brecht, LE, 
Lin, WY: 

Prepubertal Midface Growth in Unilateral Cleft Lip 
and Palate Following Alveolar Molding and 
Gingivoperiosteoplasty 

Cleft Palate-Craniofacial Journal 41(4):375-380, 2004. 

Thorne, CH, Brecht, LE, Bradley, JP, Levine, J & 
Longaker, MT: 

Auricular Reconstruction: Indications for Autogenous 
and Prosthetic Techniques 

Plastic & Reconstructive Surgery 107:1241-1252, 2001. 

Peltomaki, T, Vendittelli, BL, Grayson, BH, Cutting, 
CB, Brecht, LE: 

Associations Between Severity of Clefting and 
Maxillary Growth in UCLP Patients Treated with 
Infant Orthopedics 

Cleft Palate-Craniofacial Journal 38(6)582-586, 2001. 

Vendittelli, BL, Peltomaki, T, Grayson, BH, Cutting, 
CB, Brecht, LE: 

Cephalometric Analysis of Facial Morphology 5 Years 
Following Different Modes of Infant Orthopedics in 
UCLP Patients 

(Accepted for publication-Cleft Palate-Craniofacial Journal ) 

Grayson, BH, Santiago, PE, Brecht, LE, & Cutting, CB: 
Presurgical Nasoalveolar Molding in Infants with 
Cleft Lip and Palate 

Cleft Palate-Craniofacial Journal 36:486-498, 1999. 

Maull, DJ, Grayson, BH, Cutting, CB, Brecht, LE, 
Bookstein, F, Khorrambadi, D, Webb, JA & Hurwitz, D: 
Long Term Effects of Nasoalveolar Molding on Three- 
Dimensional Nasal Shape in Unilateral Clefts 

Cleft Palate-Craniofacial Journal 36:391-397, 1999. 

Zimbler, MS, Lebowitz, RA, Glickman, RS, Brecht, L, 
& Jacobs, JB: 

Antral Augmentation, Osseointegration, and Sinusitis: 
The Otolaryngologist's Perspective 

Am. J Rhinology 12:311-316, 1998. 

Ting, V, Sims, CD, Brecht, LE, McCarthy, JG, 
Kasabian, AK, Connelly, PR, Elisseeff, J, Gittes, GK & 
Longaker, MT: 
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In Vitro Prefabrication of Human Cartilage Shapes 
Using Fibrin Glue and Human Chondrocytes 

Ann. Plast Surg. 40:413-421, 1998. 

Cutting, CB, Grayson, BH, Brecht, LE, Santiago, P, Wood, 
R, & Kwon, SM: 

Presurgical Columellar Elongation and Primary 
Retrograde Nasal Reconstruction in One-Stage 
Bilateral Cleft Lip and Nose Repair 

Plast. Reconstruct Surg. 101:630-639, 1998 
(Awarded American Society of Maxillofacial Surgeons 
Best Paper Award for 1999- ASPRS/PSEF/ASMS 
Annual Meeting, October, 1999) 

Cutting, CB, Grayson, BH & Brecht, LE: 
Columellar Elongation in Bilateral Cleft Lip 

Plast. Reconstruct Surg. 102:1761, 1998 

Hammerschlage, PE, Thorne, CH, Roland, TJ & Brecht, 
LE: 

Aural Atresia: Surgical Outcome in a Multidiscipline 
Center 

(Submitted for publication- Laryngoscope) 

Santiago, PE, Grayson, BH, Gianoutsis, ME, Brecht, LE, 

Kwon, SM, & Cutting, CB 

Reduced Need for Alveolar Bone Grafting by 

Presurgical Orthopedics and Primary 

Gingivoperiosteoplasty 

Cleft Palate - Craniofacial Journal 35:77-80, 1998. 

Ting, V, Sims, CD, McCarthy, JG, Brecht, LE, Kasabian, 
AK, Dublin, BK, Gittes, GK, & Longaker, MT: 
Engineering of Cartilaginous Human Shapes In Vitro 
Using Plasma-derived Polymer Substances and 
Chondrocytes 

Plast. Surg. Forum 20:63-65, 1997. 

Cutting, CB, Grayson BH & Brecht, LE: 
Presurgical Columellar Elongation with One Stage 
Repair of the Bilateral Cleft Lip and Nose. 

Proc. Am, Cleft Palate Craniofac. Assoc. 52:58, 1995. 



Letters: Cutting, CB, Grayson, BH & Brecht, LE 

Columellar Elongation in Bilateral Cleft Lip 

Plast. Reconstruct Surg. 102:1761-1762, 1998 
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Abstracts: Obaid, S, Hashemi, T, Grayson, BH, Cutting CB, & 

Brecht, LE 

Reduced Need for Alveolar Bone Grafting Following 
Presurgical Orthopedics and Primary 
Gingivoperiosteoplasty in Patients with Bilateral Clefts 
of the Lip, Alveolus and Palate 

Proceedings of the 65 th Annual Scientific Session 
American Cleft Palate-Craniofacial Association, p 66 
April 2008 

Grayson, BH, Cutting CB, Brecht, LE, Maroutsis, MQ 
Nasoalveolar Molding and Presurgical Columella 
Elongation in Patients with UCLP and BLCP 

Proceedings of the 65 th Annual Scientific Session 
American Cleft Palate-Craniofacial Association, p 61 
April, 2008 

Brecht, L 

Dentofacial Aspects of Nasoalveolar Molding 

Program of the 55 th Annual Scientific Session 
American Academy of Maxillofacial Prosthetics, p 27-28 
October, 2007 

Brecht, L 

Nasoalveolar Molding and Columella Elongation in 
Cleft Palate Care 

Proceedings of the 2 nd Joint Meeting of the Japan 
Prosthodontic Society and the Greater New York 
Academy of Prosthodontics, p 36. October 2007 

King, TW, Grayson, BH, Brecht, LE, & Cutting, CB: 
Anthropometric Evaluation of Nasal Morphology in 
Bilateral Cleft Lip and Palate Following Nasoalveolar 
Molding: 12 Year Follow-up 

Proceedings of the XII Scientific Session-International 
Society of Craniofacial Surgery 

Grayson, BH, Cutting CB, Brecht, LE, Maroutsis, MQ, & 
Garfinkle, JS 

Nasoalveolar Molding and Presurgical Columella 
Elongation in Patients with UCLP and BLCP 

Proceedings of the 64 th Annual Scientific Session 
American Cleft Palate-Craniofacial Association, p 59 
April, 2007 

Garfinkle, JS, Grayson, BH, Brecht, LE & Cutting, CB 
Anthropometric Evaluation of Nasal Morphology in 
Bilateral Cleft Lip and Palate Following Nasoalveolar 
Molding 
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Proceedings of the 64 th Annual Scientific Session 
American Cleft Palate-Craniofacial Association, p 58 
April, 2007 

Brecht, L 

Improving the Quality of Life for The Forgotten 
Patient-Advances in Cleft Palate Patient Management 

Program of Greater New York Academy of 
Prosthodontics, December, 2006 

Brecht, L 

Nasoalyeolar Molding 

Proceedings of the International Congress on 
Maxillofacial Reconstruction, p 20 
October, 2006 

Navarro, B, Brecht, L & Kitzis, D 

Prosthetic Rehabilitation of a Combined Maxillectomy 
and Lateral Mandibular Discontinuity Defect using 
Progressive Anterior Guidance in an Edentulous 
Patient 

Proceedings of the International Congress on 
Maxillofacial Reconstruction, p 108 
October, 2006 

Grayson, BH, Cutting, CB & Brecht, LE 
Nasoalveolar Molding and Presurgical Columella 
Elongation in Unilateral and Bilateral Clefts of the Lip, 
Alveolus and Palate 

Proceedings of the 63rd Annual Scientific Session 
American Cleft Palate-Craniofacial Association, p 59 
April, 2006 

Garfinkle, J, Grayson, BH, Brecht, LE & Cutting, CB 
Long-term Effects in Midface Growth of 
Gingivoperiosteoplasty with Pre-Surgical Infant 
Orthopedics in Unilateral Cleft Lip and Palate 

Proceedings of the 63rd Annual Scientific Session 
American Cleft Palate-Craniofacial Association, p 66 
April, 2006 

Brecht, LE 

Maxillofacial Prosthetics in the Patient Care 
Continuum 

Chicago Dental Society Review, p 67. 
February, 2006 

Venkatachalam, B & Brecht, LE: 
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The Multidisciplinary Approach to Dental Treatment 
of a Patient with EEC Syndrome: A Case Report 
Greater New York Academy of Prosthodontics Program 
December, 2005 

Brecht, LE 

An Update on the 21089 and Infant Cleft Palate Care: 
What We Now Know After 10 Years of NAM 

Proceedings of the 53 rd Annual Scientific Session, p 29. 
October 2005 

American Academy of Maxillofacial Prosthetics 

Grayson, BH, Cutting, CB & Brecht, LE 
Nasoalveolar Molding and Presurgical Columellar 
Elongation in Unilateral and Bilateral Clefts of the Lip, 
Alveolus and Palate 

Proceedings of the 62nd Annual Scientific Session 
American Cleft Palate-Craniof acial Association, p 74. 
April, 2005 

Grayson, BH, Cutting, CB & Brecht, LE 
Nasoalveolar Molding and Presurgical Columellar 
Elongation in Unilateral and Bilateral Clefts of the Lip, 
Alveolus and Palate 

Proceedings of the 61st Annual Scientific Session 
American Cleft Palate-Craniofacial Association, p 62. 
March, 2004 

Warren, SM, Borud, LJ, Brecht, LE, Longaker, MT & 
Siebert, JW 

Microvascular Reconstruction of the Pediatric 
Mandible 

Northwest Society of Plastic Surgeons 
Program-42 nd Annual Meeting 
February, 2004 

Brecht, L 

Cleft Palate Care from Infancy to Adulthood - The 
Prosthodontist's Role in the Team Approach 

Program of the New York Academy of Dentistry 
March, 2004 

Brecht, L 

Current Rehabilitation of the Cleft Palate Patient: 
The NYU/IRPS Experience 

American Academy of Maxillofacial Prosthetics 
Program of 50 th Annual Scientific Session, p32. 
November, 2002 
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Grayson, BH, Cutting, CB & Brecht, LE 
Nasoalveolar Molding and Columellar Elongation 

Proceedings of the 59 th Annual Scientific Session 
American Cleft Palate-Craniofacial Association, p60 
May, 2002 

Grayson, BH, Cutting, CB, Maull, D, & Brecht, LE 
The Long-term Effect of Presurgical Nasoalveolar 
Molding on Three-Dimensional Nasal Shape in 
Complete Unilateral Clefts 

Abstract #98 Program from the 9 th International Congress 
on Cleft Palate and Related Craniofacial Anomalies 
June, 2001 

Brecht, LE, & Thorne, CH 

Reconstruction of the Pediatric Craniofacial Patient: 
Evolving Technologies and New Paradigms of Care 

Academy of Prosthodontics 

p38 - 83rd Annual Scientific Session Program 

May, 2001 

INSERT 2 Abstracts from International Cleft Mtg 
June 2001, Goteborg, Sweden 

Brecht, LE, Cutting, CB & Grayson, BH 
Interdisciplinary Management of Craniofacial 
Anomalies and Cleft Palate Patients 

American Association of Orthodontists 
Interdisciplinary Care Conference Program, p 11. 
February, 2001 

Brecht, LE, Cutting, CB & Grayson, BH 

Modern Methods in Restoration of Congenital Defects 

American Academy of Maxillofacial Prosthetics & 
International Congress of Maxillofacial Prosthetics 
Joint Symposium Program, p 56. 
November, 2000. 

Santiago, PE, Grayson, BH, Degen, M, Brecht, LE, & 
McCarthy, JG: 

The Effect of Early LeFort III Surgery on Permanent 
Molar Eruption in Patients with Craniosynostosis 

International Society of Craniofacial Surgery 
Program-VIIIth International Congress, p 175. 
October, 1999 

Brecht, LE 

Prosthodontic Rehabilitation of the Cleft Patient 
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International Course in Advanced Cranio-Maxillofacial 
Surgery 

University of Glasgow-Canniesburn Hospital 
Conference Program & Abstracts, 
October, 1999 

Brecht, LE, Grayson BH, & Cutting, CB 

Cleft Palate Care: Advances in the Interdisciplinary 

Approach 

Academy of Prosthodontics 

Program - 80th Annual Scientific Session 

May, 1998 

Brecht, LE, Grayson, BH, & Thorne, CH 
Neonatal Auricular Cartilage Molding 

Ear Reconstruction '98-Choices for the Future 
Conference Program and Abstracts, p 82. 
March, 1998 

Thorne, CH, Brecht, LE, & Hammerschlag, PE 
Indications for Autogenous vs. Prosthetic Auricular 
Reconstruction: The NYU Experience 

Ear Reconstruction '98-Choices for the Future 
Conference Program and Abstracts, p 72. 
March, 1998 

Hammerschlag, PE, Brecht, LE, Thorne, CH, & Roland, 
TA. 

Aural Atresia: Surgical Outcome in a Multidiscipline 
Center 

The Laryngoscope, Vol. 107 (11), pl574. November, 1997 

Brecht, LE, Grayson, BH & Cutting, CB 

Cleft Palate Care: Interdisciplinary Advances 

Greater New York Academy of Prosthodontics 
Program - 43rd Annual Fall Scientific Meeting 
December, 1997 

Brecht, LE, Thorne, CH & McCarthy, JG 
Osseointegrated Craniofacial Implants in Pediatric 
Auricular Reconstruction: Indications and 
Contraindications 

International Society of Craniofacial Surgery 
Program-VIIth International Congress, p 155. 
September, 1997 

Siebert, JW, Jelks, GW, Brecht, LE & Longaker, MT 
Reconstruction of Severe Periorbital Deformities Using 
Microsurgical Free Tissue Transfers 
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International Society of Craniofacial Surgery 
Program-VIIth International Congress, p 147. 
September, 1997 

Ting, V, Sims, CD, McCarthy, JG, Brecht, LE, Kasabian, 
A, Dublin, BK, Gittes, G & Longaker, MT 
Engineering of Cartilaginous Human Shapes in Vitro 
Using Plasma Derived Polymer Substances and 
Chondrocytes 

International Society of Craniofacial Surgery 
Program-VIIth International Congress, p 34. 
September, 1997 

Santiago, P, McCormick, S, Kwon, S, Gianoutsos, M, 
Levine, J, Brecht, L, McCarthy, JG, & Grayson, BH: 
The Long Term Effects of Mandibular Distraction: A 
Cephalometric Study 

Journal of Dental Research, Volume 75:144, 1996 

Cutting, CB, Grayson, BH & Brecht, LE 
Presurgical Columellar Elongation with One Stage 
Repair of the Bilateral Cleft Lip and Nose 

American Cleft Palate Craniofacial Association 
Proceedings-52nd Annual Meeting, Vol. 52:58, April, 
1995 

Brecht, LE, Turk, AE, Grayson, BH & Cutting, CB: 
Effect of Presurgical Nasal Molding on Cleft Lip and 
Nose Symmetry 

Journal of Dental Research, Volume 74:257, 1995 

Brecht, LE, Grayson, BH, & Cutting, CB: 
Columellar Elongation in the Bilateral Cleft Lip and 
Nose Patient 

Journal of Dental Research, Volume 74:257, 1995 



Miscellaneous 
Media: 



Brecht, LE, Grayson, BH & Cutting, CB: 

Nasal Orthopedic Molding Appliances in Unilateral 

and Bilateral Cleft Palate Patients 

Program of The 24th Annual Meeting of the American 
College of Prosthodontists, October, 1993 



Featured in television news segment on orbital 
rehabilitation of patient Louis Pepe wounded by Al 
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Qaeda terrorists on New York City's WPIX, August 30 l , 
2006 • 



Grants & 
Financial Awards: 



Featured in article by parents of twins with cleft palate 
deformities treated by team at NYU Medical Center 
through nasoalveolar molding. 
New York Magazine January 5 th , 2004 issue 

Promotional video for American College of 
Prosthodontists April, 2004 (featured at October 2004 
Annual Session of American College of Prosthodontists 
in Ottawa, Ontario, Canada) 

Cutting, CB, Grayson, BH & Brecht, LE: 

Instructional video ''Nasoalveolar Molding and Surgical 

Approaches to Bilateral Cleft Lip and Nose Repair" for 

Plastic Surgery 2003 -The Premier Educational 
Experience, San 



May, 2007 Principal Investigator 

$50,000 Continuing-Grant from National Foundation for Facial 

Reconstruction in conjunction with the Lebensfeld 
Foundation for on-going clinical research on the 
application of percutaneous osseointegrated implant 
systems for pediatric patients with congenital and 
acquired facial defects. (Study site: The Institute of 
Reconstructive Plastic Surgery at New York University 
Medical Center.) 

May, 2006 Principal Investigator 

$50,000 Continuing-Grant from National Foundation for Facial 

Reconstruction in conjunction with the Lebensfeld 
Foundation for on-going clinical research on the 
application of percutaneous osseointegrated implant 
systems for pediatric patients with congenital and 
acquired facial defects. (Study site: The Institute of 
Reconstructive Plastic Surgery at New York University 
Medical Center.) 



May, 2005 Principal Investigator 

$50,000 Continuing-Grant from National Foundation for Facial 

Reconstruction in conjunction with the Lebensfeld 
Foundation for on-going clinical research on the 
application of percutaneous osseointegrated implant 
systems for pediatric patients with congenital and 
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acquired facial defects. (Study site: The Institute of 
Reconstructive Plastic Surgery at New York University 
Medical Center.) 

May, 2004 Principal Co-Investigator 

$50,000 Continuing-Grant from National Foundation for Facial 

Reconstruction in conjunction with the Lebensfeld 
Foundation for on-going clinical research on the 
application of percutaneous osseointegrated implant 
systems for pediatric patients with congenital and 
acquired facial defects. (Study site: The Institute of 
Reconstructive Plastic Surgery at New York University 
Medical Center.) 

May, 2003 Principal Co-Investigator 

$50,000 Continuing-Grant from National Foundation for Facial 

Reconstruction in conjunction with the Lebensfeld 
Foundation for on-going clinical research on the 
application of percutaneous osseointegrated implant 
systems for pediatric patients with congenital and 
acquired facial defects. (Study site: The Institute of 
Reconstructive Plastic Surgery at New York University 
Medical Center.) 

May, 2002 Principal Co-Investigator 

$50,000 Continuing-Grant from National Foundation for Facial 

Reconstruction in conjunction with the Lebensfeld 
Foundation for on-going clinical research on the 
application of percutaneous osseointegrated implant 
systems for pediatric patients with congenital and 
acquired facial defects. (Study site: The Institute of 
Reconstructive Plastic Surgery at New York University 
Medical Center.) 

June, 1998 Principal Co-Investigator 

$20,000 Continuing-Grant from National Foundation for Facial 

Reconstruction in conjunction with the J. M. McDonald 
Foundation for on-going clinical research on the 
application of percutaneous osseointegrated implant 
systems for pediatric patients with congenital and 
acquired facial defects. (Study site: The Institute of 
Reconstructive Plastic Surgery at New York University 
Medical Center.) 

July, 1997 Principal Co-Investigator 

$ 104,500 Grant from Nobel Biocare to study the long-term safety 

and efficacy of extraoral craniofacial implants in 
retaining auricular implants in the pediatric population. 
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(Study site: The Institute of Reconstructive Plastic 
Surgery at New York University Medical Center.) 

June, 1995 Principal Co-Investigator 

$15,000 Grant from National Foundation for Facial 

Reconstruction in conjunction with the J. M. 
McDonald Foundation for on-going clinical research 
on the application of percutaneous osseointegrated 
implant systems for pediatric patients with congenital 
and acquired facial defects. (Study site: The Institute of 
Reconstructive Plastic Surgery at New York 
University Medical Center.) 

January, 1994 Heraeus Kulzer, Inc. 

Principal Investigator 

Kulzer "Dentacolor" curing unit and material support 
for the Advanced Education Program in Prosthodontics 
to carry out laboratory and clinical studies on Palavit® 
and Palaseal® resins. 

October, 1993 Principal Co-Investigator 

$15,000 Grant from National Foundation for Facial 

Reconstruction in conjunction with the J. M. 
McDonald Foundation for the purchase of equipment 
for development of percutaneous osseointegrated 
implant systems for patients with congenital and 
acquired facial defects. (Study site: The Institute of 
Reconstructive Plastic Surgery at New York 
University Medical Center.) 

October, 1993 Principal Co-Investigator 
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Abstract 
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The past 50 years of research on the mechanical properties of human 
dentin are reviewed. Since the body of work in this field is highly 
inconsistent, it was often necessary to re-analyze prior studies, when possible, 
and to re-assess them within the framework of composite mechanics and 
dentin structure. A critical re-evaluation of the literature indicates that the 
magnitudes of the elastic constants of dentin must be revised considerably 
upward. The Young's and shear moduli lie between 20-25 GPa and 7-10 GPa, 
respectively. Viscoelastic behavior (time-dependent stress relaxation) 
measurably reduces these values at strain rates of physiological relevance; the 
reduced modulus (infinite relaxation time) is about 12 GPa. Furthermore, it 
appears as if the elastic properties are anisotropic (not the same in all 
directions); sonic methods detect hexagonal anisotropy, although its 
magnitude appears to be small. Strength data are re-interpreted within the 
framework of the Weibull distribution function. The large coefficients of 
variation cited in all strength studies can then be understood in terms of a 
distribution of flaws within the dentin specimens. The apparent size-effect in 
the tensile and shear strength data has its origins in this flaw distribution, and 
can be quantified by the Weibull analysis. Finally, the relatively few fracture 
mechanics and fatigue studies are discussed. Dentin has a fatigue limit. For 
stresses smaller than the normal stresses of mastication, - 30 MPa, a flaw-free 
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dentin specimen apparently will not fail. However, a more conservative 
approach based on fatigue crack growth rates indicates that if there is a pre- 
existing flaw of sufficient size (- 0.3-1.0 mm), it can grow to catastrophic 
proportion with cyclic loading at stresses below 30 MPa. 

Key words. Dentin, calcified tissues, mechanical properties, fatigue, fracture 
toughness 



Introduction 
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Dentin is the most abundant mineralized tissue in the human 
tooth. Therefore, knowledge of its mechanical properties is 
essential for predicting the effects of microstructural alterations due to caries, 
sclerosis, and aging on tooth strength. In clinical dentistry, knowledge of 
dentin properties is important for understanding the effects of the wide variety 
of restorative dental procedures that range from the design of preparations to 
choice of bonding methods. 

In spite of this importance, over half a century of research has failed to 
provide consistent values of dentin's mechanical properties. The Young's 
modulus is unknown to within a factor of three; the shear modulus is uncertain 
by a factor of four; and the other elastic constants have not been measured. 
There is a six-fold uncertainty in the ultimate strength, and there have been 
few studies of fracture toughness or fatigue. 

This is a review of the last 50+ years of research into the mechanical 
properties of dentin. It is a critical review, in the sense that the prior literature 
on the mechanical properties of dentin is often re-examined and re-interpreted 
within the context of dentin microstructure. For example, the widely varying 
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tensile strength data are re-examined in terms of the Weibull distribution 
function; the wide variations in previously reported tensile strengths can then 
be explained by a specimen size effect whose origin lies in the existence of a 
population of flaws in the dentin. 

The bulk of this review focuses on the elastic properties of dentin. This 
emphasis is a necessary consequence of both the paucity of published data on 
other mechanical properties, and the fact that an understanding of elastic 
behavior is essential to the proper interpretation of physical measurements of 
failure. It was often necessary to re-evaluate the data on the elastic properties 
to reconcile the contradictions in the literature and reach consensus. Because 
the physical data were frequently not available in the more recent 
publications, indirect methods were used to test the meaningfiilness of the 
results. This involved consideration of the entire elastic stiffness matrix to 
check the constraints forced upon all of the elastic constants from the 
measurement of a single property. In this way, it was possible to check for 
self-consistency with all of the elastic constants as well as the known 
microstructure. 

After a brief discussion of the composition and microstructure of dentin, the 
review first considers its elastic and viscoelastic properties. Then, hardness, 
strength, fracture toughness, and fatigue are discussed in order. This 
organization loosely follows that of the last comprehensive review of dentin 
properties ( Waters, 1980 ), with the exception that a more thorough treatment 
of fatigue and fracture toughness has been added. The review concludes by 
proposing reliable ranges for the magnitudes of mechanical properties. It is 
hoped that these recommendations, and the evidence on which they are based, 
spark additional discourse and research on the properties of dentin. 
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Dentin Microstructure 
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The microstructure of dentin suggests a hierarchical approach to 
the understanding of its mechanical properties. At the smallest 
length scales are the constituent materials: a carbonated nanocrystalline apatite 
mineral phase (approximately 50% by volume) and a felt-work of type I 
collagen fibrils (see Fig. la). The collagen fibrils, approximately 30% by 
volume, are roughly 50-100 nm in diameter; they are randomly oriented in a 
plane perpendicular to the direction of dentin formation ( Jones and Boyde, 
1984 ). The mineral occupies two sites within this collagen scaffold: 
intrafibrillar (inside the periodically spaced gap zones in the collagen fibril) 
and extrafibrillar (in the interstices between the fibrils). The partitioning 
between these two sites is uncertain, although it is believed that between 70 
and 75% of the mineral may be extrafibrillar ( Bonar et al., 1985 ; Pidaparti et 
aL, 1996 ). The mineral crystallites are needle-like near the pulp; the shape 
continuously progresses to plate-like with proximity to the enamel ( Kinney et 
aL, 2001b ). The crystallite thickness, ~ 5 nm, is invariant with location. 




Figure 1. (a) SEM image of a fixed, 
demineralized dentin specimen showing the 
collagen fibrils that are randomly oriented in the 
plane perpendicular to the tubule lumens (after 
Marshall e t aL, 1997). (b) A higher-resolution 
AFM image of an unfixed specimen obtained in 
water. The AFM image shows the periodic 67-nm 
hole and overlap zones characteristic of the Type 
I collagen fibrils found in dentin and bone (after 
Marshall et aL, 2001 ; Habelitz et aL, 2002b ). 
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At a higher level of organization is an intermediate, or composite, length 
scale. At this length scale, dentin can be modeled as a continuous fiber- 
reinforced composite, with the intertubular dentin forming the matrix and the 
tubule lumens with their associated cuffs of peritubular dentin forming the 
cylindrical fiber reinforcement (see Fig. 2a). The tubules run continuously 
from the dentin-enamel junction to the pulp in coronal dentin, and from the 
cementum-dentin junction to the pulp canal in the root. The regular, almost 
uni-axial, alignment of the tubules has led some to suggest that they play an 
important function in the orientation dependence of the mechanical properties 
( Waters. 1980 ). 

Figure 2. (a) SEM and (b) AFM images of fully 
mineralized dentin specimens showing the tubule 
lumens with surrounding cuffs of peritubular 
dentin. The bar in the SEM photomicrograph is 
10 um. Labeling: L = tubule lumen, PT = 
peritubular dentin, IT = intertubular dentin 
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matrix. SEM image after Kinney et al. (2001a) . 
AFM image after Kinney et al. 0 993) . 



At the greatest length scale are the effective, or continuum, properties of 
dentin. The effective properties of dentin describe the response of the tooth to 
applied loads, and allow for predictions of tooth strength and fracture 
properties. Young's modulus, tensile and compressive strength, and fracture 
toughness are examples of these effective properties, and reflect the complex 
interactions of the constituent materials and the microstructure. At this largest 
length scale, we anticipate that the effective properties will depend on tubule 
density, orientation, and the local average density of the mineral phase. 
Ultimately, measurement of the effective properties, particularly the properties 
of altered forms of dentin (such as carious or transparent), will benefit from an 
understanding of the material behavior at all of these length scales. 



The Elastic Properties of Dentin 

The elastic properties of dentin are of paramount importance in 
all discussions of tooth strength. The elastic constants, usually 
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defined in terms of a stiffness (C.) or compliance (S..) matrix, include the 

y y 

Young's modulus, shear modulus, and Poisson's ratio. Depending on the 
symmetry of the microstructure, the elastic constants have different degrees of 
independence. For example, an isotropic structure has only two independent 
elastic constants, while an orthotropic structure has nine independent elastic 
constants. Therefore, any study of the elastic properties of dentin must 
consider its symmetry. 

The Young's modulus 
The slope of the proportional part of the stress- strain curve provides the 
Young's modulus, while the yield strength and the ultimate strength can be 
obtained from the nonlinear region of the stress-strain curve. Because uni- 
axial stress-strain behavior is among the most straightforward of 
measurements, it is surprising that there is so much uncertainty in the value of 
Young's modulus for dentin obtained by this method. This uncertainty in 
Young's modulus extends to all measurement techniques, including bending, 
indentation, and ultrasound. A graphed representation of the measurements of 
Young's modulus with the year in which they were reported is shown in Fig. 3 
is. The mean and standard deviation of these values are 13.2 GPa and 4.0 GPa, 
respectively. Unfortunately, over the past 50 years there has been an increase 
in the dispersion of the reported values; there is no evidence that this trend is 
abating. Therefore, it is appropriate to begin discussion of the Young's 
modulus of dentin by considering the constituent and composite-level 
organizational hierarchies in the hope that they may aid readers in 
discriminating between valid and invalid determinations of the effective 
modulus. 
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Figure 3. The Young's modulus as reported in 
the literature over the past 50 years. The data 
prior to 1999 appear in tabular form in the 
reference by Kinney et al. (1999). Data after 
1999 are from Huo et al. ( 2000), Kinney et al. 
(2001a) . Kishen et al. (2000) , and Palamara et al. 
(2000 ). In the past few years, there has been a 
four-fold variation in the reported magnitude of 
the Young's modulus; the uncertainty in its value 
appears to be expanding with time. The 
uncertainty in the magnitude of the Young's 
modulus is probably not reflective of the actual 
variations in the mechanical properties of dentin. 
Rather, the uncertainty most likely arises from 
either a viscoelastic response (stress relaxation) 
or experimental artifact. 



Constituent materials models 

An early attempt to provide reasonable bounds for the continuum Young's 
modulus of dentin was proposed by Katz (1971) . Dentin was considered to be 
a two-phase mixture of apatite mineral and collagen, with the volume fraction 
and Young's modulus of the mineral phase given by V and E , respectively, 

and the corresponding values for the collagen given by V and E . The 

effective Young's modulus of the mixture (E ) was rigorously bounded from 

above and below by: 



E e < V A E A + V C E C = V A {E A - E c ) + E c 



(1) 



E > EaEc 
e " V A E C + V C E M 



(2) 



The elastic properties of the constituent materials in their bulk form have been 
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measured with reasonable accuracy: £-110 GPa and E < 0.001 GPa ( Katz 

and Ukraincik. 1971 ; Balooch et ah, 1998 ). Substitution of these values into 
the above equations generates the upper and lower bounds for the Young's 
modulus that are shown in Fig. 4a. Unfortunately, the large disparity between 
the moduli of the two phases leads to a wide separation between the upper and 
lower bounds in the vicinity of the known mineral concentration in dentin (40- 
50% by volume). The separation between the bounds is narrowed only slightly 
by the application of more restrictive, variational bounding methods ( Hashin , 
1983 ). Clearly, bounds based on the constituent materials properties are of no 
use for discriminating between experimental measurements, all of which lie 
well within the upper and lower bounds predicted in Eqs. 1 and 2. 
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Figure 4. The upper (dashed line) and lower 
(solid line) theoretical bounds for the Young's 
modulus of a composite of hydroxyapatite 
mineral and type I collagen fibrils as calculated 
from Eqs. 1 and 2. The experimental data are 
shown as the solid bar at a volume percent 
mineral phase (45%) corresponding to the 
known composition of dentin. The graph 
emphasizes the difficulties of modeling 
mineralized tissues with bounds; The large 
difference in moduli between the two phases 
separates the upper and lower bounds by too 
great a magnitude to be useful. 



Micromechanics models 

Because of the large difference in modulus between the mineral and organic 
phases, we do not anticipate that improvement can be made by further 
refinements of bounds. Therefore, it is worthwhile considering a 
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micromechanics approach at the composite hierarchy of dentin microstructure. 
At this length scale, the dentinal tubules with their surrounding peritubular 
cuffs are like fibers, providing reinforcement to the intertubular matrix. 
Assuming that the moduli of the matrix (£ ) and the "fibers" (the lumens plus 

peritubular cuffs, E ) are known, rough estimates of the bounds can be made 

r 

by appropriate substitutions into Eqs. 1 and 2. However, direct substitution of 
E and E ignores the possibly complex interactions between the "fibers" and 

the matrix. 

The interactions between fiber and matrix have been accounted for in self- 
consistent generalized micromechanics approaches to aligned fiber composites 
( Christensen, 1990 ). Analytical solutions have been derived for the case of 
aligned cylindrical fibers in an isotropic matrix. The fibers introduce a 
transverse anisotropy and require five equations for the independent elastic 
constants to be defined. These equations have been reformulated for dentin in 
terms of the Young's modulus of intertubular (£.) and peritubular (Zs ) dentin 

( Kinney e t ai, 1999). The expression for the effective longitudinal (in the 
direction of the tubules) Young's modulus, is , in terms of the tubule 

concentration, c, was derived: 



At 

Eel = cE pl (l - j——^-) + (1 - c )Et + j(c,Vi,v pt ) 

In the above equation, 7 is a "clamping" factor that accounts for mismatch in 
Poisson's ratio between the peritubular and intertubular dentins, and A and 

A are the area fractions of the intertubular and peritubular dentin, 
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respectively. The area ratio in Eq. 3s is apparently constant with position in 
the tooth, and is approximately equal to 0.25 f Pashley , 1989 ). 

Only when the ratio of the peritubular and intertubular dentin moduli is 
greater than 3 is there a measurable effect of the tubules on stiffness for 
physiologically relevant tubule densities (5-15%). Thus, a theoretical 
framework now exists for estimating the effects of tubule orientation on the 
elastic properties: For physiologically relevant tubule densities, the anisotropy 
caused by the tubules is insignificant ( Kinney et al. , 1 999 ). This does not 
mean that dentin is elastically isotropic; rather, if dentin proves to be 
anisotropic, it is because the intertubular dentin matrix is anisotropic and not 
because of the tubules. Based on observations that the collagen fibrils in the 
intertubular matrix are aligned perpendicular to the tubule axis, we anticipate 
that dentin might have a transverse isotropic (hexagonal) symmetry (stiffer in 
the plane of the collagen fibrils). 

The micromechanics model offers several advantages over bounding methods. 
Key is the ability of the model to make accurate estimates of the effective 
elastic constants based on a few simple measurements of the tubule 
concentration. The model has its drawbacks, however. Accurate values of the 
elastic constants of peritubular and intertubular dentin must be available, and 
this requires careful mechanical testing, which we will now review in greater 
detail. 

Tensile and compressive measurements of Young's modulus 
There have been numerous experimental attempts to measure the Young's 
modulus of dentin. The majority of these measurements have been performed 
in either tension or compression. The primary emphasis of the tensile studies 
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was to establish the ultimate tensile strength (UTS) of dentin; the 
determination of the Young's modulus appeared to be secondary to this effort. 

The earliest "modern" measurement of Young's modulus in tension was 
published in 1962 f Bowen and Rodri g uez. 1962 ). In that study, specimens of 
dentin, nominally 2 mm thick, were cut freehand with a rotary diamond disk 
under constant water irrigation. The specimens were narrowed in the middle, 
with a "radiused" shoulder (fillet) maintained so that stress concentration 
would be prevented. The knife-edges of an optical strain gauge (length, 6 mm) 
were attached directly to the specimens. The specimens were hydrated at least 
1 hr in distilled water before being tested. The stress-strain curves were linear 
to failure, and the mean modulus of elasticity was 19.3 GPa (2.8 x 10 6 psi) 
with a coefficient of variation of 28%. 

Five years later, Lehman 0967) measured the tensile properties of dentin with 
hollowed, cylindrical specimens from the root. As in the earlier study by 
Bowen and Rodriguez, the tensile stress-strain curves were linear to failure. 
However, the Young's modulus was 1 1.0 GPa, almost half that of the earlier 
study, and the coefficient of variation (53%) was almost double. 

There were three important differences between the two studies. First, the 
latter study did not use strain gauges affixed to the specimen, thereby 
increasing the likelihood of grip effects like tow-in. Second, the specimens 
were hollowed along the root canal by means of a dental bur, increasing the 
probability of undetected flaws in the interior of the specimen. Third, the 
gauge sections were not "radiused", leaving a stress concentration that 
increased the chance of failure at grip ends, thereby invalidating the test. 

Though it is difficult to reconstruct an experiment decades after the fact, we 
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are fortunate that Lehman reported all of his data. A close inspection shows 
that the modulus and ultimate tensile strength were strongly correlated (p < 
0.001), with the higher values of elastic modulus associated with the 
specimens that had the highest tensile strength. Furthermore, 75% of the 
specimens failed in tension at or below 40 MPa, a low value suggesting that 
flaws introduced during specimen preparation may have affected the linear 
stress-strain behavior. When we restrict our focus to those specimens that 
failed above 40 MPa, we obtain a tensile modulus of 16.9 GPa with a 
coefficient of variation of 26%. This is more in line with the earlier work of 
Bowen and Rodriguez ( 1962). 

Around the same time that the tensile measurements were being performed, 
other researchers were establishing the compressive properties of dentin. The 
earliest of these measurements was reported by Peyton et al. (1952) . This 
study examined the compressive behavior of 1.8 mm in cross-section by 4.5- 
mm-long dentin specimens. Strain gauges were affixed to steel rods that were 
then used to apply load to the specimens. A Young's modulus of 1 1.6 GPa 
was reported. 

Concerned that the low value of the Young's modulus obtained from their 
earlier study might have been caused by a combination of non-parallel 
alignment of the load platens (tow-in) and possible stress relaxation effects, 
the same group repeated their earlier study with greater attention to 
experimental variables ( Craig and Peyton, 1958 ). Placing the strain gauges 
directly on the specimen eliminated tow-in; stress relaxation effects were 
measured by careful cycling of the compressive load well below the 
proportional limit. These corrections raised the compressive Young's modulus 
to 18.5 GPa, in excellent agreement with the tensile measurements of the time. 
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Measurements of the modulus are sensitive to specimen preparation, 
experimental design, and stress relaxation; not accounting for these 
experimental variables leads to underestimation of the elastic constants. 
Therefore, the comments of Waters (1980) in his review article were 
surprising: " Crai g and Peyton (1958 ) obtained values for the proportional limit 
and compressive strength in reasonable agreement with other workers, but 
their value of the modulus is, for some unaccountable reason, considerably 
higher." This comment reflects a bias toward favoring a low value for the 
Young's modulus of dentin — a bias perhaps enforced by the large number of 
low values reported in subsequent years (see Fig. 3a). 

Testing of dentin in compression and tension was performed only infrequently 
in the years since Craig and Peyton. Two of these studies are particularly 
noteworthy. In the work reported by Stanford et al. (1960) , dentin specimens 
were tested in compression. Even with corrections for platen deformation, the 
compressive modulus was 13.8 GPa, significantly less than reported in the 
earlier studies. Though it could be argued that the data were not adjusted for 
the affects of non-parallel alignment (tow-in), it is unlikely that this could 
account for all of the discrepancy. Furthermore, in tensile testing performed 
by Sano et al. (1994) , similarly low values of Young's modulus were reported 
(13-15 GPa). 

Both of the above studies were performed with great attention to detail, so 
instrumentation artifacts or flaws in specimen preparation cannot readily 
explain the lower values of elastic modulus. However, one detail worth 
mentioning is that, in both studies, the specimens were stored for an 
undisclosed amount of time in water. In the work reported by Sano et al. 
(1994) . the tensile specimens were stored in 0.9% NaCl water at 4°C for about 
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24 hrs prior to being tested (Pashle y, 2001 , personal communication). Earlier 
studies have showed that short-term storage in saline solution degrades bond 
strengths ( Goodis et aL, 1993), and that storage in water can reduce bend 
strength in bone ( Gustafson et al.< 1996 ). Given the small size of dentin 
specimens, it is possible that even short-term storage in water or saline might 
reduce the elastic modulus by dissolution of the mineral phase. The effects of 
water storage will be considered in greater detail later. 

In more recent work, Palamara et al. (2000) recorded the response of a grid 
pattern coated on the surfaces of dentin specimens during compressive 
loading. The results are of particular interest because, while the Young's 
moduli measured in orientations both parallel and orthogonal to the tubule 
axes (the principal structural directions) were identical, the modulus at 45° 
off-axis to the tubules was determined to be lower. The observation that the 
off-axis modulus was smaller than that measured in either principal axis 
requires that the intertubular dentin matrix be anisotropic. Since this is a 
significant finding, we must consider its veracity in greater detail. 

Our analysis begins by a consideration of the simplest deviation from isotropic 
symmetry, cubic, which requires three independent elastic constants. The 
reciprocal Young's modulus in a cubic system along the direction of the unit 
vector /. can be expressed in terms of the compliance matrix S ( Nye, 1972 ): 



S'n = S tl - 2(S n - 5,2 - I S A4 )(lf% + + gj?) ( 4 ) 

The variation of the Young's modulus with orientation depends only on the 
terms in /, and is zero for the principal orthogonal directions and a maximum 
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of 1/3 in the <1 1 1> directions. For the Young's modulus to be less in the off- 
axis directions, (S, , -S, -S A 72) must be less than zero. This requires the shear 
v 11 12 44 ' 

modulus, G, to be less than would be expected in an isotropic system: 



With the values provided by Palamara et al. (2000 ). [E =10.4 GPa and E 

(45°) = 7.7 GPa], we can calculate a rigorous upper bound for the shear 
modulus. For a cubic symmetry model, G < 2.9 GPa. This is less than would 
be required from isotropic symmetry for v = 0.25 (4.1 GPa). 

One can argue that, from an analysis of the dentin microstructure, an 
orthotropic symmetry would be a more reasonable alternative to cubic. 
However, we find that the situation is only slightly altered from the analysis 
for cubic symmetry. For orthotropic symmetry, we begin with the general case 
of a lamina loaded in plane at an arbitrary angle q with respect to a principal 
axis, / , in this case parallel to the tubule axes. The Young's modulus as a 

function of q can be expressed as ( Jones, 1975 ) 



G < 



E 



2(1 + v) 



(5) 



~- = (1 + a ~ Ab)cos 4 {q) + (4b - 2a)cos 2 (q) + a 

Eg 



(6) 



In Eq. 6a, a and b are dimensionless variables given by 



E2 



(7) 
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6 = I (A _ 2 „ 2) 

Here, G is the shear modulus and v is Poisson's ratio. For the data 
presented in Palamara et al. (2000) , a = 1 . The observation that E was less 
than both E and E places a rigorous restriction on the value of the shear 
modulus: 

Un * 2{a + t* 2 ) 2(1 + v) (8) 

The above restriction on the shear modulus is identical to the one derived for 
cubic symmetry. With the values reported in Palamara e t al. (2000) for the 
off-axis Young's modulus, Eq. 6a requires that the magnitude of the shear 
modulus be less than 2.5 GPa, very similar to the result obtained with a cubic 
symmetry model. This is an extremely low value for the shear modulus, and is 
not in agreement with results reported in those studies where the shear 
modulus has been measured independently. Sound velocity measurements in 
bovine dentin, to be discussed in a later section, provided a shear modulus of 
8.0 GPa ( Gilmore et al., 1969 ), and a torsion pendulum measurement led to a 
value of 6.1 GPa ( Renson and Braden. 1 975 ). [NB: The value that we cite 
corrects the typographical error in the original paper by Renson and Braden 
(1975) , where the decimal was placed in the wrong location.] These values 
were all significantly greater than what is required to explain the results of 
Palamara et al. 

Though the largest source of error in measurements with grids lies in the 
accurate determination of displacement (strain), the absence of any 
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independent measure of displacement (e.g., no strain gauges or cross-head 
displacements were reported) prevents us from assessing this as a possible 
source of error. However, the compression tests were conducted between 50 
and 150 MPa, which is within the range of the proportional limit in 
compression (80-140 MPa) that has been established in earlier work (Craig 
and Peyton, 1958 ; Stanford etal. 1960 ). It is therefore possible that Palamara 
et al. ( 2000) were operating beyond the yield stress when recording their grid 
displacements. This factor would explain the lower values of the Young's 
modulus, and could easily explain the off-axis anisotropy. Also, considerable 
relaxation (creep) could have occurred during the time intervals required to 
obtain the images of the grids. However, in the absence of additional data, the 
possibility that dentin is elastically anisotropic cannot be ignored. The 
question of elastic symmetry will be taken up again in a later section. 

Indentation measurements of Young's modulus 
Indentation, where a hardened stylus is brought into contact with a surface, 
has largely been used to measure hardness. The modern theory of indentation 
( Doerner and Nix, 1986 ; Oliver and Pharr, 1992 ), where force and stylus 
displacement are analyzed to measure Young's modulus, has been applied to 
mineralized tissues only in the last decade. The technique measures the 
indenter load as a function of depth of penetration, from which the contact 
stiffness, S (not to be confused with the compliance matrix), is obtained from 

the derivative of the unloading curve evaluated at the peak force (Fig. 5a). 
Care must be taken to remove any excess machine compliance, C , that is 

associated with the sample mounting ( Kinney et al.. 1996 ): 

Figure 5. A typical load-displacement curve 



http://crobm.iadrjoumals.org/cgi/content/full/ 14/1/13 



5/15/2008 



THE MECHANICAL PROPERTIESOF HUMAN DENTIN: A CRITICAL REVIEW... Page 20 of 63 




View larger version 

(17K): 
[in this window] 
Tin a new windowl 



during AFM indentation of hydrated dentin. 
The slope of the initial unloading segment, 
dP/dh, is used to calculate the Young's 
modulus. 



Sc ~ \(l/S) - C m ] (9) 

The indentation modulus E*, sometimes referred to as the reduced modulus, is 

determined from the corrected contact stiffness, S , and the contact areas for 

c 

each indentation, A, that are obtained from a tip shape calibration procedure 
( Doerner and Nix, 1986 ): 



E * = 2^4 Sc (10) 

From Eqs. 9 and 10, it is possible to obtain the Young's modulus of the 
probed specimen, is : 



E* E s Ei (11) 
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E S = E* (1 - vf) 

In Eq. 1 la, v and v. are the Poisson's ratios of the specimen and indenter 

si 

stylus, and E. is the Young's modulus of the indenter. The approximation in 

Eq. 1 la is valid because the modulus of the indenter is considerably larger 
than the modulus of the dentin. 

Among the first to apply nanoindentation to the study of dentin and dental 
materials was van Meerbeek et al. (1993) , who measured a Young's modulus 
of dentin of 19.3 GPa. This was followed by Kinney et al. (1996) , who used 
nanoindentation to measure the Young's modulus of intertubular (18-21 GPa) 
and peritubular (29.8 GPa). Since then, nanoindentation has become a 
common technique for the determination of local mechanical properties of 
structural features in biological hard tissues ( Rho et al. , 1999 ). 

A significant drawback to the widespread use of nanoindentation in 
mineralized tissues is the inability to indent in water. To overcome this 
drawback, Balooch et al. (1998) applied the atomic force microscope (AFM) 
with a specially designed attachment called the Triboscope to perform 
indentations on fully hydrated specimens. In addition to allowing indentations 
to be made in water, the device also functioned as an AFM, allowing for 
precise positioning of the indenter and subsequent imaging of the indentation 
with microscopic spatial resolution. With this technique, Kinney et al. (1999) 
measured a pronounced decline in E with submersion in water. These 
investigators attributed this decrease to a combination of softening of the 
collagen phase and partial surface demineralization. Without knowing the 
effects of surface demineralization, they assumed that a plasticizing of the 
collagen fibrils and other noncollagenous proteins in the tissue caused the 
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majority of the decrease in modulus with time in water. 

Although nanoindentation probes only a thin surface layer (< 1 urn), the 
mechanical properties obtained are assumed to be representative of the bulk 
material. Chemical changes in the surface layer of mineralized tissues 
resulting from storage solutions are, thus, important considerations for 
accurate determination of nanomechanical properties. This aspect of 
nanoindentation has been recently explored by Habelitz et al. ( 2002a) , who 
studied changes in nanomechanical properties of dentin and enamel during 
storage in de-ionized water, calcium-chloride-buffered saline solution, and 
Hanks' Balanced Salt Solution (HBSS). The investigators were able to show 
that storing teeth in de-ionized water or CaCl 2 solution resulted in a large 

decrease in elastic modulus and hardness. After one day of storage, a decrease 
in the Young's modulus and hardness of up to 30% was observed. By one 
week of solution storage, mechanical properties dropped to below half of their 
initial values. In contrast, storing the specimens in HBSS did not significantly 
alter the mechanical properties for a time interval of two weeks. The behavior 
of the Young's modulus of specimens stored in water and HBSS is reproduced 
in Fig. 6s. 

Figure 6. The Young's modulus of dentin as 
measured by AFM indentation. The solid circles 
represent repeated measurements obtained in 
water over the course of several days. The open 
circles show measurements obtained in Hanks' 
Balanced Salt Solution (HBSS). The water- 
stored specimens exhibited a rapid decline in 
modulus over 14 days. This decline was 
attributed to a loss of mineral from the near 
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View larger version surface layer. The specimens stored in HBSS, in 
(1 5K): contrast, maintained relatively constant modulus 

[in this window] values over the same time period. The error bars 
[in a new window] are the standard deviations of the means of 

several specimens. Data from Habelitz et al. 
r2002a) . 



The decrease in modulus and hardness of dentin when stored in de-ionized 
water or CaCl 2 solution was attributed to partial demineralization of the near- 
surface layer. Because de-ionized water lacks calcium and phosphate ions, the 
chemical potential for dissolution of the mineral phase of dentin and enamel is 
high, and was assumed to be the major reason for the demineralization and 
softening of the tissues. Addition of calcium chloride to a saline solution also 
did not prevent demineralization. Since the pH of the CaCl 2 solution was 

slightly acidic (pH = 5.9), it was more likely to dissolve the calcium 
phosphate minerals. HBSS, on the other hand, was slightly basic (pH = 8.0) 

and was unable to dissolve the mineral phases by acidic attack. It is highly 

2+ 2+ + 3- 
concentrated in Ca , Mg , Na , PO^ , and CI ions and has a composition 

comparable with that of the dental mineral phases. Therefore, the chemical 
potential of HBSS to dissolve the calcium phosphate phases in teeth is low, 
and surface demineralization was retarded. 

By eliminating near-surface demineralization through proper specimen storage 
procedures, one can now obtain consistent values of the Young's modulus of 
hydrated peritubular and intertubular dentin. This is an important 
development, since it will allow for the study of the differences between wet 
and dry tissues, and provide elastic moduli more representative of in vivo 
conditions. 
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The nanoindentation method is limited in that it cannot be used to determine 
any of the other elastic constants, and it does not provide a direct measure of 
the continuum Young's modulus, since micromechanics arguments must be 
used to combine the separate measures of the inter- and peritubular dentin. 
Other techniques will now be described that have the potential to determine all 
of the second-order elastic constants of dentin completely. 

Sonic measurements of the elastic constants 

Measurement of sound speed is among the most accurate ways of determining 
the elastic constants of a material. For an isotropic material, the shear (G), 
bulk (K), and Young's (E) moduli are related to the longitudinal (Fp and shear 

(V ) wave velocities and the specimen density, p, by ( Love, 1960 ): 

s 

G = pV? (12) 

ff = P<V?-fv?) 

* 3 V? - 4 V 2 

E = oVH-- 1 — -1 

^ * 1 v 2 — v* J 

Using the technique of ultrasonic interferometry, Gilmore etal. (1969) 
established the sound speeds in bovine dentin. With these data, and assuming 
isotropic elasticity, the investigators used Eqs. 12 to derive the second-order 
elastic constants. To facilitate comparisons with other measurements, we have 
reproduced the entire range in values of the elastic moduli from this work 
(Table Is). The moduli, which are significantly higher than many more recent 
mechanical measurements, are in good agreement with nanoindentation 
( Habelitz et aL 2002a ). 
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View this table: TABLE 1 The Elastic Moduli of Dentin as 
[in this window] Determined by Measurement of Sound Speed 
[in a new window] ( Gilmore et aL 1969 ) and by Resonant Ultrasound 

Spectroscopy (RUS) ( Kinneyg/ al., 2002 ) 

The data from Gilmore et al. did not consider the possibility of anisotropy in 
the elastic constants. Lees and Rollins 0972) explored this possibility in a 
later study by measuring the longitudinal and shear wave velocities along 
orthogonal directions in the plane of the tubules. To facilitate these 
measurements, the investigators used the technique of critical angle reflection, 
where the angle of incidence of the sonic wave is scanned while the intensity 
of the reflected wave is monitored simultaneously. At certain critical angles, 
determined by the shear and longitudinal sound speeds in the specimen, the 
refraction vanishes, and there is a local maximum in the reflected signal. With 
Snell's law, it is possible to calculate the longitudinal and shear wave speeds 
from the values of these critical angles. 

The main difficulty with this method lies in determining the principal 
symmetry directions in the tooth from only two orientations. Lees and Rollins 
assumed hexagonal (transverse isotropic) symmetry based on the 
microstructure of dentin. However, since the elastic properties were measured 
in only a single plane, the solution to the stiffness tensor for hexagonal 
symmetry was underdetermined. Therefore, the investigators assumed that the 
lower-sound speed values reported earlier by Gilmore et al. were obtained 
from measurements 45° with respect to the tubule axes. With this assumption, 
the complete elastic stiffness matrix was estimated (Table 2a). 



View this table: TABLE 2 The Second-order Elastic Constants as 
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[in this window ] Estimated from Critical Reflectance Ultrasound 
[in a new window] ( Lees and Rollins. 1972 ) and by Resonant 

Ultrasound Spectroscopy (RUS) ( Kinney et al .< 
2002 ) for a Hexagonal Symmetry Model 

Lees and Rollins (1972) reported only the magnitudes of the elements in their 

derived stiffness tensor (C). By matrix inversion, we can obtain the elements 

ij 

of the strain tensor, from which it is a simple task to calculate the Young's 
modulus. According to the hexagonal symmetry model and the stiffness tensor 
derived by Lees and Rollins, the Young's modulus in the tubule direction was 
36 GPa, and 29 GPa in the perpendicular axis. 

The Young's modulus, which can be derived from the stiffness matrix of Lees 
and Rollins (1972) . is graphed in Fig. 7m as a function of tubule orientation. 
The transverse anisotropy in the critical reflectance data lies in contrast to 
what has been observed by either nanoindentation or compression testing 
along orthogonal axes. Also, the magnitude of the Young's modulus is 
significantly higher than that measured by Gilmore et al. Finally, the 
conclusion that the Young's modulus is higher in the direction of the tubules 
is at odds with both the micromechanics model, which dictates that the 
contribution to the elastic stiffness from the peritubular dentin should be 
negligible, and microstructural observations that the mineralized collagen 
fibrils lie perpendicular to the tubules. 

Figure 7. The Young's modulus of dentin as a 
function of orientation of the tubules as 
calculated from the elastic constants of Lees 
and Rollins (1972) . There was a pronounced 
hexagonal (transverse isotropic) anisotropy in 
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the Young's modulus, a result that was forced 
by a priori assumptions of the symmetry. The 
Young's modulus was greatest in the direction 
of the tubules (36 GPa) and much less in the 
orthogonal direction (29 GPa). The Young's 
modulus is compared with the values from the 
resonant ultrasound spectroscopy (RUS) 
measurements of Kinney et ah ( 2002). The 
RUS measurements, which were made 
without assumption as to material symmetry, 
also show hexagonal symmetry, but the 
stiffest orientation is now perpendicular to the 
axis of the tubules. This result is more 
consistent with what is known about the 
orientation of the collagen fibrils, which lie in 
a plane perpendicular to the tubule axis. 

In spite of the practicality of critical angle reflection methods, we must be 
skeptical of the conclusions. The chief criticism, one that was acknowledged 
by the investigators, was that the assumption that prior measurement made in 
different laboratories and using different methods corresponded to the local 
minimums in the hexagonal symmetry model. This assumption forces an 
anisotropy that may not be representative of the actual symmetry of the 
specimen. In fact, from our knowledge of bone, the modulus should be 
greatest in the direction of the collagen fibrils ( Pidaparti et ah, 1996 ). In 
dentin, this would mean that the elastic modulus should be greatest in the 
direction perpendicular to the tubules, the complete opposite of the critical 
angle results. Therefore, we must consider the possibility that Lees and 
Rollins (1972) made an incorrect assumption regarding the orientation of the 
specimens in the earlier work of Gilmore et al. 

Clearly, what is needed is an ultrasonic method suited to small specimens, and 




# (degree*) 

View larger version 

(21K): 
[in this window] 
[in a new window] 
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which allows for the determination of all of the elastic constants from a single 
orientation of the specimen and without assumptions as to the symmetry. 
Indeed, these requirements are met by a technique known as resonant 
ultrasound spectroscopy. 

Resonant ultrasound spectroscopy (RUS) is a method for measuring single- 
crystal elastic constants with great precision ( Mi g liori et al. m 1993 ). RUS 
makes use of Hooke's law and Newton's second law to predict the resonant 
modes of vibration of a specimen of known shape ( Mi g liori etal. % 1993 ; 
Maynard, 1996 ). The entire stiffness tensor, C., can be determined by 

comparison of the frequency spectrum produced by the resulting eigenvalue 
problem with the measured resonant frequencies (vibrational eigenmodes) of 
the specimen. It is important to note a significant difference between RUS and 
other sonic methods. In RUS, sound speed is not measured. Rather, the 
resonant frequencies of mechanical vibration are determined. This means that 
the stiffness tensor can be determined for small specimens from one 
measurement at a single orientation. 

Since the development of RUS, the applications of this technique have been 
extended to include geological structures and complex particulate and fiber- 
reinforced composites (Jun g et al. % 1999 ). Recently, this technique has been 
applied to small specimens of human coronal dentin, with interesting results 
( Kinney et al* 2002 ). Cubes of dentin, approximately 2 mm on an edge, were 
mounted on opposing corners between two transducers in the RUS system. 
The resonant frequencies between 0.5 and 1.4 MHz were measured. The 
values of the resonant frequencies were calculated from an initial 
approximation of the stiffness tensor. The experimental and predicted 
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frequency distributions were then compared, and the residuals, F, were 
calculated. The elastic constants were adjusted from their initial values to 
minimize these residuals. Isotropic, cubic, and hexagonal material symmetry 
groups were modeled. 

The elastic constants of hydrated and dry dentin, as measured by RUS, are 
listed in Table Is for the isotropic, cubic, and hexagonal symmetry models. 
The best fit for the RUS data was with a hexagonal symmetry model, although 
deviations from isotropic symmetry were small. The angular deviation of the 
Young's modulus with respect to the axis of the dentinal tubules is graphed in 
Fig. 7m. The Young's modulus was minimum in the direction of the tubules, 
and increased monotonically to maximum in the plane of the mineralized 
collagen fibrils. This should be compared with the critical angle results in the 
same Fig. 

The measured anisotropy of the elastic constants of dentin can now be 
reconciled with its structural anisotropy. As in bone, the symmetry of the 
elastic constants is determined by the orientation of the collagen fibrils. 
However, the magnitude of the anisotropy (-10%) is not large. This may 
explain why previous studies have failed to detect anisotropic behavior in 
either the contact stiffness ( Kinney et aL. 1 999 ) or microhardness ( Wang and 
Weiner, 1998a ), since indentation techniques are known to be less sensitive to 
anisotropy ( Vlassak and Nix, 1 994 ). Furthermore, because the tubule 
orientation can vary widely across a specimen, a small anisotropy would most 
likely go undetected in a mechanical test of a larger specimen. 

Viscoelastic behavior of dentin 

Thus far, we have assumed that dentin is perfectly elastic at small strains, and 
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that the elastic constants do not depend on the strain rate. In other words, we 
have assumed that small deformations resulting from an imposed stress 
remain constant with time. In most biological tissues, this is not the case. At a 
constant stress, these materials continue to deform with time (creep). 
Therefore, if a constant strain is to be maintained, the applied stress must be 
continuously reduced (stress relaxation). Materials that exhibit a time- 
dependent response are called viscoelastic. If the time-dependence of the 
relaxation does not depend on the magnitude of the applied stress, the material 
exhibits linear viscoelasticity. On the other hand, if the time response changes 
with the applied stress, the material exhibits nonlinear viscoelasticity. 

In a viscoelastic solid, the stress is out of phase with the strain. The amount of 
this phase shift is defined by a phase angle, s, between the applied stress and 
the resulting strain. A detailed analysis defines the loss tangent of the phase 
angle in terms of a storage modulus, E, and a loss modulus, E': 

tan(S) = ( 13 ) 

In a perfectly elastic solid, there would be no energy lost to creep deformation 
(E" = 0), and the stress and strain would be in phase (s = 0). With increasing 
viscoelastic behavior, the phase angle would increase due to an increase in E" 
and the corresponding decrease in E'. At extremely high strain rates 
(characteristic of ultrasound), or when stresses are too low to activate creep 
(typical of RUS), viscoelastic behavior should be less apparent. Therefore, the 
observation that the elastic constants determined by both RUS and sound 
velocity measurements are of similar magnitude, and that they are also higher 
than those determined by other methods, suggests that viscoelastic effects 
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might contribute to the lower modulus values measured with mechanical 
testing. Indeed, Craig and Peyton (1958) measured a significant contribution 
from "stress-relaxation" during their compression loading studies, and 
nanoindentation measurements display continuous creep during the static load 
segment prior to unloading (e.g., Kinney et al., 1996 ; and also Fig. 5a in this 
review). 

The classic analysis of viscoelasticity is based on the Maxwell element, a 
spring and dashpot arranged in series. The time-dependent relaxation 
modulus — for example, E(t) — can be written for a single element, i, as: 



where £. represents the stiffness of the spring element /, and r. is the 

relaxation time of the element. A parallel arrangement of a group of Maxwell 
elements can be treated as a simple sum: 



For an infinite number of Maxwell elements, the relaxation modulus can be 
written as a function of the continuous relaxation spectrum, H(r), and the 
reduced modulus at infinite relaxation time, E ( Ferry, 1970 ): 



E{t) = Eie- 1 ^ 



(14) 



05) 



o 




(16) 



Similarly: 
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H{t)u> 2 t 2 
(1 + a; 2 r 2 ) 



d In t 



(17) 
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(1 + u;-'r'-') 



A few studies have explored stress relaxation in dentin ( Korostoff etal.. 1975 ; 
Tengrove et al., 1995 ). Still, little is known about its time-dependent behavior. 
In what appears to have been the most detailed study of viscoelasticity in 
dentin, Korostoff et al. (1975) measured stress relaxation in specimens 
prepared from the roots of human incisors, cuspids, and premolars. The 
cylindrical specimens were machined to dimensions approximately 6.4 mm 
tall, and had a 3.8-mm outer and a 1.1 -mm inner diameter. The specimens 
were loaded in compression at 37°C to a constant strain, * , of 0.6%. The 

relaxation modulus, Eft), was determined from the experimentally observed 

drop in applied load, Lft), and the change in specimen height, Ah : 



^ ~ e c ~ &h c 'AhM^-df) (18) 

In Eq. 18a, h was the original specimen height, and d and d. were the outer 
o o 1 

and inner specimen diameters, respectively. 

Korostoff et al. (1975) observed an exponential decline in the relaxation 

modulus with time from the shortest time measured (t ~ 30 sec) to a maximum 

4 4 

relaxation time (t~ 10 sec). Beyond 10 sec, no further stress relaxation was 
detected. They established the fully reduced modulus, E q , to be 12.0 GPa. The 
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magnitude of the reduced modulus was as much as 40% lower than the 
instantaneous value at t = 0. This means that the Young's modulus measured 
by mechanical testing could range between 12 and 20 GPa, or greater, 
depending on the strain rate. Thus, it is probable that stress relaxation 
accounts for much of the discrepancy between mechanical testing and sonic 
measurements. This possibility can be explored more thoroughly by 
reconsideration of the AFM data. 

It is well-known that the indenter stylus continues to displace inward during 

the constant load portion of an indentation measurement of dentin. This 

continued displacement is evidence that creep relaxation is occurring; the 

standard procedure for analyzing the indenter load/displacement data does not 

account for this relaxation. Recently, Feng and N g an (2002) derived a 

correction formula for creep during indentation measurements. The correction 

is applied to the contact stiffness, S , measured at the beginning of unload: 

m 

Sc S m |/>| (19) 

In Eq. 19a, S is the corrected contact stiffness to be used in Eq. 10h, and the 
c 

correction factor is the ratio of the time derivatives of the change in indenter 
displacement, h^, during the constant hold cycle, and of the load, P, at the 

beginning of the unloading cycle. 

This information has never been reported for indentation measurements on 
calcified tissues. However, approximate values for the correction factor can be 
obtained by estimation from the graphed representations of load and 
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displacement with time. A graphed representation of both the stylus 
displacement and the load as a function of time is shown in Fig. 8s. These 
data were obtained from a typical AFM indentation measurement on wet 
intertubular dentin (e.g., Kinney et aL* 1999 ). We approximated the creep 
relaxation rate by taking the slope of the displacement vs. time at the midpoint 
of the unloading cycle (1.7 nm/sec in this example); dP/dt was approximated 
at a point midway between the maximum load and the minimum load during 
the unloading cycle (131 uN/sec in this example). When the correction was 
applied to this specimen of wet dentin, the calculated Young's modulus 
increased from 20.6 GPa to 25.5 GPa, in excellent agreement with the RUS 
data (23.2-25.0 GPa; Table 1®). 



It now appears as if creep relaxation can explain the small differences between 
AFM indentation and RUS measurements of the modulus. However, the creep 
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(23K): 
[in this window] 
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Figure 8. The applied force (solid line) and 
the tip displacement (dashed line) graphed as 
a function of time for a typical AFM 
indentation of hydrated intertubular dentin. In 
this example, the profile of the applied force 
was trapezoidal: a three-second loading phase, 
a three-second hold at maximum load, and a 
three-second unloading phase. At constant 
load, the indenter tip continues its inward 
displacement at a rate (dh/dt) that is 
approximated by the slope of the dashed line 
at the midpoint of the hold phase. The 
unloading rate is given by dP/dt. These factors 
are used to correct the AFM data for creep 
relaxation. In this example, the correction to 
the contact stiffness raises the Young's 
modulus by about 20%. 
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mechanisms, and their possible dependence on the magnitude of the applied 
stress, remain unknown. An important question, given the absence of a well- 
defined time-dependent equation of state, is, what values of the elastic 
constants should be used to describe elastic deformation that occurs under 
physiological loading conditions? For example, what magnitudes of the elastic 
constants should be used in the frequency range of physiological interest (v = 
1 Hz - 1/0? This question can be answered only partially at this time. 

A complete analysis of the time-dependent equation of state for dentin 
requires knowledge of the relaxation spectrum, H(t), over all time scales. 
Then, the elastic constants can be formulated by expressions like Eq. 16h. In 
principle, H{r) can be obtained by analysis of the stress relaxation data. Prior 
to availability of computers and digitally instrumented load frames, this 
procedure was complicated; approximations were used to derive H(r) from E 
(t). For example, Korostoff et ah (1975) used an approximation method 
attributed to Alfrey and Doty (1945) : 



H{7) = [ di^T) ]t = r (2- 

With this approximation, Korostoff et ah (1975) evaluated the relaxation 

4 

spectrum for root dentin for relaxation times from 30 sec to - 10 sec. The 
important result was the finding that the relaxation spectrum was constant 
over the three decades examined. Though the magnitude of //varied among 
specimens {H~ 0.38 MPa; SD = 0.14), it was in all cases independent of the 
relaxation time. This was an important result; a constant value of //greatly 
simplifies the evaluation of the integral relationships in Eqs. 16 and 17. 

There were admitted shortcomings with the study. Most critical, no 
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information was provided about stress relaxation at time scales shorter than 30 
sec. Physiological time scales of greatest relevance lie in the range of 0.1 to 10 
sec. There is a serious concern with extrapolating the above results to shorter 
time scales. In bone, deviation from simple exponential relaxation has been 
observed; stress relaxation at short time scales has followed a Kohlrausch- 
Williams- Watts (KWW) functional form ( Sasaki et aL 1993 V Much more 
research, particularly at short time scales, is warranted. 

No one has measured the frequency dependence of the loss tangent (Eq. 13h) 
for dentin. In the absence of this information, it is instructive to consider bone, 
which is compositionally similar to dentin. In a series of classic articles, Lakes 
and Katz (1979) provided the loss tangent in wet cortical bone over eight 
decades in relaxation time. Of interest was the observation that the loss 
tangent was a minimum, and also relatively constant, at physiologically 
relevant frequencies. If similar behavior can be inferred for dentin, then it 
would be reasonable to treat the dental hard tissues as perfectly elastic in 
physical models of mechanical deformation at physiologic strain rates, using, 
of course, the reduced values of the storage and loss moduli. More study is 
needed. 

Summary of elastic properties 
The good agreement between indentation and sonic measurements of the 
Young's modulus of hydrated dentin allows us to assign its magnitude 
between 18 and 25 GPa. The bottom of this range (18-20 GPa) is probably 
more appropriate for strain rates encountered with physiologic loading. This is 
significantly greater than the previously accepted range (13-16 GPa). 
However, the larger Young's modulus is now more consistent with what has 
been observed in bone, a mineralized tissue of similar composition. Smaller 
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values of the Young's modulus that are frequently reported can most likely be 
attributed to a strain-rate-dependent viscoelastic response, non-uniform stress 
states in small specimens, improper storage conditions, or flaws introduced 
during specimen preparation. 

Sonic methods provide the most direct and precise determination of the elastic 
constants. They are least affected by stress relaxation. Because of this, we 
propose that the data from the RUS ( Kinney et aL 2002 ) and sound speed 
measurements f Gilmore et al* 1969 ) be used to define the most probable 
range for all of the elastic constants of dentin in the absence of viscoelastic 
effects (Table lm). Because RUS is more likely to probe perfectly elastic 
behavior (the maximum strain in the specimen was 6 x 10 6 , and the Mach 
number was approximately 1 .4 x 10 ), and because RUS does not require 
assumptions as to the material's symmetry, we believe them to be the most 
accurate values of the elastic constants yet measured. However, because RUS 
has been applied only to coronal dentin from a single site, one should refrain 
from generalizing these results. It is probable that the elastic properties are 
site-dependent. Much more work remains to be done. 

The intrinsic elastic constants provide only part of the story. The viscoelastic 
behavior of dentin must be explored in greater detail if a constitutive equation 
of state is to be developed for dentin. In the frequency range of physiological 
interest (0.1-10 Hz), the phase angle between stress and strain is most likely 
small, so that dentin can be modeled as a perfectly elastic solid. However, it is 
likely that the effective elastic moduli are reduced by about 10-20% from the 
values obtained with sonic measurements. This is consistent with the 
differences between the RUS measurements and those obtained by indentation 
and uni-axial testing. However, this observation is still speculative: The 
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mechanisms controlling viscoelastic behavior, and their possible dependence 
on the stress amplitude, remain unknown in dentin. 

As our knowledge of the elastic properties of normal dentin improves, other 
questions are raised that have significant implications for dentin pathologies. 
Is there a functional relationship between the mineral density and the elastic 
moduli? Does age-related transparency alter the elastic properties of root 
dentin? Does reparative dentin that forms at the dentin/pulp interface have the 
same elastic properties as the secondary dentin it adjoins? Answers to these 
questions will be important in the continued development of minimally 
invasive approaches in restorative dentistry. 

Hardness of Dentin 

Hardness tests measure the resistance of the dentin to 
deformation caused by penetration of an indenting stylus. Since 
its introduction, the Knoop ( Knoop et al* 1939 ) indenter has proved to be the 
workhorse in studies of dentin. The long aspect ratio (7.1 1 times longer in one 
dimension) allows for accurate measurements of area, even with shallow 
indentations. Knoop, therefore, is extremely useful for the small, thin 
specimens typical of studies of mineralized tissues. 

Hardness is defined in units of pressure, or force per unit area of indentation. 
Unlike Vickers or Brinell methods, which use the contact area of the indenter 
stylus, the Knoop method uses the projected area, A , in the calculation of 

hardness (KNH): 
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KNH = 4- = 14 22 It 

A p I- {2.1) 

where P is the applied load (in kg) and / is the length (in mm) across the long 

2 

axis of the remnant impression. In SI units, 1 kg/mm - 9.8 MPa. 

Many investigators have determined that dentin hardness depends on mineral 
concentration. Featherstone et al. (1983) developed an analytic expression 
relating Knoop hardness to the volume percent of mineral (^ ): 



y/KNH = 0.197 V m - 0,24 (22) 

Though the validity of Eq. 22b obviously breaks down for low concentrations 
of mineral, the expression appears to fit the experimental data over a range of 
mineral concentrations associated with normal and carious dentin. 

In addition to its association with the mineral concentration, hardness has been 
correlated with location in the tooth. The works of Ogawa (1983) and Wang 

and Weiner (1998b) show that the mantle dentin immediately subjacent to the 

2 

enamel (KNH - 60 kg/mm ) is softer than the underlying primary dentin 

2 

(KNH- 70 kg/mm ). Also, hardness gradually decreases with proximity to the 

pulp, falling precipitously in an inner layer of dentin of about 0.5 mm 

2 

thickness that surrounds the pulp (KNH - 30 kg/mm ). 

Clearly, Eq. 22® mandates that V must be lower near the pulp than in the 

primary dentin. However, whether this is a result of increased porosity, or 
whether the intertubular dentin matrix is less mineralized, is an important 
question. In a careful and methodical study, Pashley and Parham (1985) 
determined that there was a significant correlation between decreased 
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hardness and increased density of tubule lumens. The authors concluded that 
the reduced hardness was an end result of the lower mineral concentration 
brought about by the increased tubule porosity. This conclusion, however, was 
seriously challenged in a later study by Kinney et al. (1996 ), who showed that 
most, if not all, of the decreased hardness near the pulp could be explained by 
a decrease in the hardness of the intertubular dentin matrix. Thus, it is likely 
that the intertubular dentin matrix near the pulp is less mineralized. 

It is tempting to try to relate dentin hardness to other physical properties like 
yield stress, tensile strength, or Young's modulus. In ductile metals, for 
example, the yield stress and tensile strengths are often observed to scale with 
hardness. However enticing these scalings, we must remember that they were 
derived from plasticity theory for materials that display significant yielding. In 
contrast, mineralized tissues are more brittle, showing little if any yielding 
prior to failure. 

Though we should not anticipate similar relationships with dentin hardness, 
there is a possibility that its hardness might scale with the Young's modulus. 
Eq. 22s describes a relationship between hardness and mineral concentration, 
and there is strong evidence that the Young's modulus is also dependent on 
the amount of mineral. However, because hardness also depends on yielding, 
microstructural features in the dentin that do not influence the elastic 
properties might mask any such correlation. In many materials, for example, 
the grain size controls yield strength by the Hall-Petch relationship. Therefore, 
the ratio of hardness to modulus need not be constant. Nevertheless, a 
relationship between hardness and modulus in dentin is worth seeking. 
Although several papers have reported hardness and modulus values for 
enamel and dentin, a systematic analysis of their relationship has not been 
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undertaken. 



Ultimate Strength of Dentin 
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Failure data have largely been limited to measurements of shear 
strength or ultimate compressive or tensile strength. For dentin 
specimens failed in tension, reported magnitudes of the ultimate strength 
range from 52 MPa ( Bowen and Rodriguez , 1 962 ) to 105 MPa ( Sano et a L 
1 994). It is likely that the two-fold differences in the tensile strength were 
related to flaws in the specimens, since both a size effect and an improvement 
in strength with surface sanding of the specimens have been noted ( Sano et 
al.:\99A). Moreover, measurements of compressive strength, which are less 
likely to be affected by flaws, were more consistent. Values of compressive 
strength range from 275 to 300 MPa ( Craig and Peyton, 1958 ). 

Shear strength, measured either by punching or lap-shear, also has been highly 
variable. Using a shear punch apparatus, Cooper and Smith ( 1 968) obtained 
values for shear strength that ranged from 64 to 132 MPa, not too dissimilar 
from later measurements by Roydhouse (1970 ) (69-147 MPa). More recent 
measurements by single-plane lap shear produced shear strengths of 36 MPa; 
this low value may have been due to the specimens having been from dentin 
closer to the pulp, or to problems with the experimental design, or with 
bending of the specimen ( Gwinnett 1994 ). 

Our group ( Watanabe etal., 1996 ) demonstrated that some of the disparity in 
reported values of the shear strength could be attributed to tubule orientation 
and location within the tooth. The lowest values of lap shear strength were 
obtained in less mature dentin nearer the pulp, with the tubules oriented 
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parallel to the shear plane (54 MPa). The highest values were obtained in 
mature cuspal dentin with the shear plane perpendicular to the tubules (92 
MPa). Others also have observed a similar orientation dependence with the 
tensile strength ( Lertchirakarn et ah , 200 1 ). 

The large standard deviations common to all measurements of dentin strength 
suggest that strength is controlled by the flaw distribution in a specimen. A 
flaw is similar to the weakest link in a chain: Variations in the flaw size lead 
to variations in the failure strength. Specimens with large flaws will fail at 
lower stresses than will specimens containing smaller flaws. For a random 
distribution of flaws, the tensile strength should obey a Weibull probability 
distribution function (pdf), where the probability, that a specimen fails at a 

stress level a is given by the expression: 

Pf = I exp ( — ) m ) (23) 

In Eq. 23h, V is the volume of the gauge region of the specimen, <r is the 

shape factor, and m is the dimensionless Weibull modulus. A specimen size 
effect follows naturally from the Weibull pdf. For two specimens with 
identical flaw distributions, the failure strengths will scale with the respective 
volumes (V and V ) of the gauge region as: 



The Weibull modulus, m, determines the size-sensitivity of the failure 
strength; smaller values of m lead to greater sensitivity to specimen size. 




m 



(24) 
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Most studies of tensile strength have recorded only the means and standard 

deviations of the experimental measurements. An exception was the early 

work of Lehman (1967) , who tabulated the test results of all 100 of his tensile 

strength measurements of root dentin. These results are recast in a Weibull 

distribution in Fig. 9a. Included for comparison are the tensile strength results 

from mid-coronal dentin reported by Staninec et al.(2002) . Both data sets are 

2 

well-described by the Weibull distribution function (R = 0.97). However, the 
Weibull moduli are different for the two examples shown (m ~ 6 for Lehman's 
data; m ~ 3 for the displayed example from Staninec et ah [2002] ). Staninec et 
al. observed that the Weibull modulus did not vary statistically with depth or 
location in the tooth; the average Weibull modulus was 4.5, with a range 
between 3 and 6. The large variations in the Weibull modulus may reflect 
differences in the flaw population between teeth, or may simply be the result 
of random defects introduced during specimen preparation. It has also been 
suggested that the Weibull modulus might decrease with age, reflecting an 
age-related change in either the distribution of flaws or their stress-sensitivity 
( Tonami and Takahashl 1997 ). The flaws are cryptogenic; the precise nature 
of these flaws, whether they are intrinsic to dentin or created in specimen 
preparation, needs to be determined. 
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Figure 9. Ultimate tensile strength data from 
Lehman (1967) (open circles) and Staninec et 
al.2002 (solid circles). The data have been 
graphed in the form of a Weibull probability 
distribution function, with the abscissa given 
by the natural log of the failure stress, and the 
failure probability, given by Eq. 23s. Both 

sets of data fit the Weibull distribution 
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function (R = 0.97), although the slopes, m, 
are different. The slope of the curve 
determines the sensitivity of the tensile 
strength to specimen size. Weibull behavior is 
an indication that a distribution of flaws 
determines the magnitude of the tensile 
strength of dentin. 

Fracture Properties of Dentin 

The previous discussion of dentin strength suggests that a 
fracture mechanics approach would be more appropriate than a 
strength-of-materials approach for the study of tooth failure. Yet, surprisingly 
few studies have taken this approach. Important exceptions to an otherwise- 
absence of quantitative fracture data are the works by Rasmussen et al. 
( Rasmussen etal. , 1976 ; Rasmussen, 1984 ; Rasmussen and Patchin, 1984 ), El 
Mowafy and Watts (1986) . and Imbeni et al. (2002 ). Rasmussen et al. 
determined the work-of-fracture of normal dentin in directions parallel and 
perpendicular to the tubule axis. This work was important in that it detected a 
small directional dependence in the work-of-fracture; it was energetically 
more favorable to fracture dentin perpendicular to the axis of the tubules than 
parallel to them. However, the relatively large works-of-fracture implied a 
toughening mechanism and the possibility of significant yielding ahead of the 
crack. Perhaps because of this, the authors stopped short of equating the work- 
of-fracture with any intrinsic material property such as fracture toughness. 

The work by El Mowafy and Watts (1986) was of considerable importance. It 

was the first attempt to measure the intrinsic fracture toughness, K , of dentin 

c 

with an ASTM standard specimen geometry: the compact tension specimen. 
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For normal coronal dentin, these investigators reported a value of 3.08 MPa 

y/m with a 10% standard deviation. Based upon an unpublished value of the 

yield stress, the authors assumed that the test resulted in a valid measure of 

K . They could therefore equate their fracture toughness measures with the 
c 

energy release rate, G, and obtained good agreement with the earlier data of 
Rasmussen ( Rasmussen et al, 1976 ; Rasmussen, 1984 ; Rasmussen and 
Patchin. 1984 ). 

Three valuable findings came from the work of El Mowafy and Watts (19 86): 
(1) Compact tension specimens could be fabricated from coronal dentin; (2) 
fracture toughness was high for a brittle material, indicating that either the 
collagen fibrils or the tubule lumens provide a toughening mechanism; and (3) 
fracture toughness was independent of temperature through a range from 0 to 
60°C. However, since the fracture plane was parallel to the tubules (i.e., in the 
orientation associated with the highest work of fracture), it is possible that the 
fracture toughness could be considerably lower in the orthogonal plane. 
Furthermore, El Mowafy and Watts (1986) used a blunt notch instead of a 
fatigue precrack, so that notch toughening might have elevated their results. 
To explore these possibilities further, Imbeni et al. (2002) considered the 
effects of notch root radius on the measurement of fracture toughness in a 
direction perpendicular to the tubules. 

Imbeni et al. (200) prepared 10-mm-long beam-shaped specimens from 
human molars. Tests were conducted in three-point bend, with a span between 
the loading points of approximately 5 mm. Two protocols were followed. For 
the first protocol, sharp notches were prepared in the specimens with the root 
radius ranging from 30 to 50 um. For the second protocol, a fatigue precrack 
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was grown out of the notch by fatigue cycling at 2 Hz with a maximum stress 
intensity of about 1 MPa Vm. The fracture toughness in the fatigue-precracked 
specimens was 1.8 MPa Vm (SD = 0.1), whereas, in the notched specimens, 
the fracture toughness was significantly higher (2.7 MPa /m; SD = 0.1). Upon 
further analysis, these authors found evidence of an apparent relationship 
between the fracture toughness and the square root of the notch radius. 

Was the lower value of the fracture toughness measured in Imbeni's work 
entirely the consequence of their having used a fatigue precrack, or was it also 
affected by the orientation of the fracture plane? This is important, since the 
critical flaw size, a , is a strong function of the fracture toughness K : 



K* 

iw\ vv (25) 

If the difference in fracture toughness was an artifact of the notch radius, then 

for the same far- field applied stress, <r , the critical flaw size would be 

app 

roughly three times smaller than that predicted from the earlier values of El 
Mowafy and Watts (1986) . The critical size of an elliptical flaw is graphed as 
a function of the far-field stress in Fig. 10a. Since the critical flaw size has a 
profound importance on lifetime modeling (see following section), answers to 
these questions are needed. 



Figure 10. The critical flaw size in dentin as a 
function of far-field applied stress (MPa). The 
critical flaw size is calculated for an elliptical 
flaw according to Eq. 25a. The dashed line 
corresponds to the fracture toughness established 
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by El Mowafy and Watts (1986): K = 3.08 MPa 

C 

\ f m. The solid line corresponds to the more 
conservative estimate of the fracture toughness 
determined by Imbeni et al. (2002) : K = 1 .8 

MPa \?m. Knowledge of the critical flaw size is of 
great importance in lifetime modeling. 
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Fatigue Properties of Dentin 

Teeth are subject to cyclic loads during mastication. The 
frequency of the loading is nominally 1 Hz, and stress amplitudes 
of 20 MPa can be estimated at the cervical margins ( Anderson, 1956 ). 
Therefore, it is important to know the response of the tooth to cyclic loading: 
its fatigue behavior. Characterizing fatigue behavior involves determining the 
total life to failure in terms of a cyclic stress range. This method is often 
referred to as the M S/N" (stress/life) approach, and requires the measurement 
of the number of cycles required to induce failure in a flaw-free material at a 
given alternating stress. Some materials exhibit a fatigue limit: a stress below 
which failure does not occur. Many materials, however, do not have a fatigue 
limit. For those cases, it is convenient to define a material lifetime in terms of 
the endurance strength, which is the alternating stress below which the 
material will not fail before a predefined number of cycles. 




•*» Top 

Previous 
▼ Next 



http://crobm.iadrjoumals.Org/cgi/content/full/l 4/1 1\ 3 



5/15/2008 



THE MECHANICAL PROPERTIESOF HUMAN DENTIN: A CRITICAL REVIEW... Page 48 of 63 



Does dentin exhibit classic S/N behavior, and, if so, are the cyclic stresses of 
mastication below its endurance strength? A partial answer to this question 
was provided in a study of tensile fatigue behavior in bovine dentin ( Tonami 
and Takahashi. 1997 ). In that study, tensile specimens with 1.5 x 1 x 1-mm- 
gauge sections were subjected to a sinusoidal cyclic unipolar load at 5 Hz. The 
load ratio, R, which is defined as the minimum load divided by the maximum 
load, was allowed to vary between 0.15 and 0.25. A staircase method was 
used to determine the stress at which the specimen failed at 10 5 cycles. For 
example, if a specimen did not fail at 10 5 cycles at a stress of 45 MPa, another 
specimen was tested at a stress level 5 MPa higher. With this procedure, 
Tonami and Takahashi (1997) established the endurance strength, for failure 
at 10 5 cycles, to lie between 45 and 50 MPa. This would suggest that fatigue 
is not a factor in tooth failure under conditions of normal masticatory loading. 

The work of Tonami and Takahashi was important in establishing the 
existence of fatigue failure in dentin. However, there were several 
shortcomings that limit its usefulness. First, the endurance strength was 
established for failure at 10 5 cycles. This was short, especially considering 
that 1 0 cycles are expected in a year from mastication. Second, the load 
frequency used in the study (5 Hz) was five times greater than that observed in 
physiological loading (1 Hz); the investigators assumed that there would be no 
frequency dependence on the fatigue life. This was a questionable assumption, 
however, especially considering the pronounced frequency dependence of 
fatigue in bone ( Zioupos et al. 2001 ). Finally, the work was performed on 
bovine dentin. 

The recent work of Nalla et al. (2002) was designed to address many of these 
issues. In this study, specimens of human dentin were subjected to fatigue 
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loading at a constant load ratio, R = 0.10, and at two different cyclic 
frequencies: 2 and 20 Hz. The authors observed the existence of a classic S/N 

fatigue response to repetitive loading, and identified an apparent fatigue limit 

6 7 

at 10 -10 cycles, which was estimated to lie between 25 and 45 MPa at 
frequencies of 2 and 20 Hz, respectively. Failure appeared to be caused by the 
initiation and growth of a single, dominant crack. 

In the absence of intrinsic flaws, it appears that fatigue failure will not occur 
in human teeth. However, the Weibull nature of tensile failure indicates that 
there is an inherent population of pre-existing flaws in normal dentin. Thus, 
the existence of a fatigue limit in a nominally flaw-free specimen of dentin 
cannot be generalized to the whole tooth. The classic S/N approach is not 
conservative enough; it does not address the question of whether a pre- 
existing flaw can grow to a critical size during normal loading conditions. 
This requires the measurement of fatigue growth crack rates, da/dN, for a 
fracture-mechanics-based approach to failure of human dentin. 

Nalla et al. (2002) determined the fatigue crack growth rate by measuring 
stiffness loss in the specimen during cyclic loading. They observed a Paris 
power law relationship of the crack growth rate with the stress intensity, aK. 
The experimentally derived crack growth rate for human dentin was 
determined to be: 



= C(AK) m = 6.24 x lO" 11 (AJQ 8 - 76 (26 

The Paris law exponent, m = 8.76, was smaller than that of carbonated apatite 
bone substitute (m = 17; Mor gan et al. 1997 ), but larger than that frequently 
observed in ductile metals (m ~ 2-4; Ritchie. 1999 V The Paris power law 
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relationship provides a method for estimating a threshold stress intensity, 

aAL u , below which crack growth cannot occur. Extrapolation of Eq. 26s 
TH 

yielded a threshold stress intensity of 1.1 MPa /m. For stress intensities 
greater than aK , subcritical crack growth will occur. 

TH 

When a crack reaches a critical size, a , determined by equating the fracture 

c 

toughness, K , with the stress intensity at the crack tip, the structure will fail. 

C 

Nalla et al (2002) used lifetime modeling to estimate the number of cycles, 
required for an incipient crack of length to grow to the critical size 

under a far-field applied stress : 

app 



A/ ~ (m - 2)C (27) 

In Eq. 27a, m and C were determined from the experimental data (Eq. 26a); 
the dimensionless function f(a/b) was determined for a small, elliptical surface 
flaw; for this configuration,/^/^ was equal to 1.12. 

Eq. 27a was an important result. Now it was possible to estimate the number 
of cycles (time) required for an incipient crack to reach catastrophic 
proportions. It also placed a limit on the necessary spatial resolution of a 
clinical imaging system to detect the smallest flaw size that could eventually 
grow large enough to cause failure. In a hypothetical example, consider the 
smallest crack that could grow to critical size in a year's time as a result of 
mastication forces of 20 MPa (~ 10 6 cycles). With a conservative estimate of 
K of 1 .8 MPa Vm, the critical flaw size is about 2 mm. Eq. 27a predicts that a 

C 
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0.9-mm crack would grow to critical size in 10 6 cycles. If the mastication 
forces were even higher, say 30 MPa, a pre-existing crack of 0.3 mm would 
grow to critical size in the same number of cycles (see Fig. 1 la). Whereas the 
classic S/N approach predicts that fatigue failure cannot occur at stresses 
below 30 MPa, this more conservative damage-tolerant approach suggests that 
failure will occur at these stresses if there were a pre-existing flaw of 
sufficient size. The source of these flaws remains unknown; their existence 
can be inferred from the statistical nature of tensile failure. 




View larger version 

(19K): 
[in this window] 
[in a new window] 



Figure 11. The number of required cycles for 
growing a flaw from an initial to critical size 
for two different far-field stresses (Eq. 27s). 
The solid line is for a far- field stress of 20 
MPa; it corresponds to the stresses of 
mastication. The dashed line corresponds to a 
slightly elevated stress level (30 MPa). An 
initial flaw 0.3 mm long will grow to 

catastrophic size in roughly 10 6 cycles at 30 
MPa (approximately one year); at 20 MPa, a 
pre-existing flaw would have to be 0.9 mm 
long to grow to catastrophic size in the same 
number of cycles. Lifetime models such as 
Eq. 27b depend critically on the Paris law 
exponent, m (Eq. 26b), the critical flaw size 
(Eq. 25b), and the stress intensities at the head 
of the crack tip. 



Two major assumptions have gone into the development of Eq. 27a. First, the 
crack growth rate was inferred from stiffness loss in the specimens during 
cyclic loading. If there were a sizeable yield, or damage, zone ahead of the 
crack tip, its contribution to the stiffness loss would affect the estimate of the 
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crack length. Second, and perhaps more serious, is the fact that the crack 
growth rate measurements were performed in a controlled environment of 
Hanks' balanced salt solution. It is quite possible that the fluctuations of pH 
and mineral concentration in the mouth might have a pronounced effect on 
crack growth rate. Further study of environmental effects on fatigue crack 
growth is warranted. 

Conclusions 

Many of our conceptions of basic biomechanical properties of 
dentin have changed since the last comprehensive review 

( Waters, 1980 ). The magnitudes of the elastic constants must be revised 

upward, and viscoelastic effects must be taken into account. Also, the concept 

of strength as an important engineering quantity must be replaced by a 

fracture mechanics approach to dentin failure, since pre-existing flaws can 

cause teeth to fail at stresses far less than their theoretical strength. In 

particular, a lifetime modeling, or damage-tolerant, approach appears 

promising for the development of a clinical predictor of tooth failure. These 

paradigm shifts have been facilitated by advances in measurement science 

combined with a better understanding of dentin microstructure. 

It now appears that the elastic constants of dentin have hexagonal symmetry, 
with the stiffest direction oriented in the plane perpendicular to the tubules. 
This finding is consistent with a micromechanics model that suggests that the 
peritubular dentin has negligible influence on material symmetry. 
Furthermore, it is also consistent with the observations in other tissues that the 
stiffest orientation is in the direction of the mineralized collagen fibrils. We 
can conclude, then, that the elastic properties of dentin are explainable in 
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terms of the microstructure of the intertubular dentin matrix, and that any 
correlation of the elastic properties with the tubule direction is a necessary 
consequence of the orthogonal relationship between the tubules and collagen 
fibrils. Therefore, research must focus on the mineralized collagen scaffold, 
and explore the coupling between the mineral and collagen phases and its 
effects on biomechanical properties. 

The Weibull behavior of tensile strength data suggests that failure initiates at 
flaws. These flaws may be intrinsic, perhaps regions of altered mineralization, 
or extrinsic, caused by cavity preparation, wear, or damage. Clearly, 
identifying the flaws responsible for failure is important, as is the 
understanding of how sub-critical flaws can grow and coalesce with cyclic 
loading. Though the cyclic forces of mastication are insufficient to cause 
failure in perfect dentin, it now appears that pre-existing flaws in normal 
dentin can grow to catastrophic size with application of small cyclic loads. 
Furthermore, understanding how shifts in the chemical environment affect the 
crack growth rate will be essential for developing lifetime models. At present, 
many of these data are lacking. 

Finally, little is known about the biomechanical properties of altered forms of 
dentin. Studies seem to suggest that there are at least two forms of transparent 
dentin, a form associated with caries and a form associated with age-related 
changes in the root. Each type of transparency may exhibit unique 
biomechanical signatures. In addition, there are caries lesions and genetic 
disorders, such as dentinogenesis imperfecta, which appears to lack the 
phosphoproteins that promote binding between the mineral and the collagen. It 
is absolutely essential that the properties of these altered forms of dentin be 
obtained before an understanding of how dentin pathologies affect tooth 
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strength can be developed. 

Current conservative dental practice is increasingly oriented toward efforts to 
arrest and remineralize caries lesions with either solution chemistry or more 
fundamental tissue engineering approaches. An accurate understanding of the 
properties of the dental hard tissues is a requirement for assessment of the 
effectiveness of these approaches. Without knowledge of mineral-collagen 
coupling and its biomechanical consequences, we may not truly be restoring 
the affected tissues. This shift in emphasis from traditional filling procedures 
to tissue restoration requires a firm understanding of the structure/properties 
relationships in dentin at many length scales. It is hoped that this review has 
clarified what is known, and has raised awareness of what remains to be 
learned about the mechanical properties of dentin. 
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Abstract 

The mechanical behavior of polymer-matrix composites unidirectionally reinforced with carbon or glass fibers subjected to compres- 
sion perpendicular to the fibers was studied using computational micromechanics. The stress-strain curve was determined by the finite 
element analysis of a representative volume element of the microstructure idealized as a random dispersion of parallel fibers embedded in 
the polymeric matrix. The dominant damage mechanisms experimentally observed - interface decohesion and matrix plastic deformation 
- were included in the simulations, and a parametrical study was carried out to assess the influence of matrix and interface properties on 
the stress-strain curve, compressive strength, ductility and the corresponding failure modes. It was found that the composite properties 
under transverse compression were mainly controlled by interface strength and the matrix yield strength in uniaxial compression. Two 
different fracture modes were identified, depending on whether failure was controlled by the nucleation of interface cracks or by the for- 
mation of matrix shear bands. Other parameters, such as matrix friction angle, interface fracture energy or thermo-elastic residual stres- 
ses, played a secondary role in the composite mechanical behavior. 
© 2007 Elsevier Ltd. All rights reserved. 
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1. Introduction 

Unidirectional fiber-reinforced polymers show outstand- 
ing specific stiffness and strength along the fiber direction 
and this has led to a wide range of applications as struc- 
tural materials. Moreover, the fiber and matrix behavior 
follows very closely the isostrain approximation until the 
onset of failure and it was possible to develop analytical 
models to accurately predict the tensile [1-3] and compres- 
sive [4,5] strength in the fiber direction. Conversely, the 
mechanical behavior under transverse loading cannot be 
represented- by simplified isostrain or isostress approaches, 
and micromechanical models capable of predicting failure 
strength as a function of the constituent properties, volume 
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fraction, shape and spatial distribution are not available. 
This is an important limitation because the experimental 
characterization of the lamina properties in the transverse 
direction is subjected to more uncertainties than in the lon- 
gitudinal one and, in fact, experimental data are more 
scarce. In addition, the longitudinal compressive strength 
is severely affected by the transverse behavior [5,6], and 
the development of robust failure criteria for laminates 
which include the interaction between longitudinal and 
transverse stresses have to rely on a precise knowledge of 
the lamina behavior under transverse loading until failure. 

Computational micromechanics is emerging as an accu- 
rate tool to study the mechanical behavior of composites 
due to the sophistication of the modeling tools and to the 
ever-increasing power of digital computers. Within this 
framework, the macroscopic properties of a composite 
lamina can be obtained by means of the numerical Simula- 
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tion of the deformation and failure of a representative vol- 
ume element of the microstructure [7-10]. As compared 
with the classic homogenization techniques, computational 
micromechanics presents two important advantages. 
Firstly, the influence of the geometry and spatial distribu- 
tion of the phases (i.e. size, shape, clustering, connectivity, 
etc.) can be accurately taken into account. Secondly, the 
details of the stress and strain microfields throughout the 
microstructure are resolved, which leads to precise estima- 
tions of the onset and propagation of damage, and to accu- 
rate predictions of the failure strength. Recent advances in 
this area include the analysis of the effect of particle shape 
[11], particle clustering [12,13] and the influence of damage 
[14,15] on the mechanical behavior of particle-reinforced 
composites, the prediction of the mechanical behavior of 
foams and composites whose microstructure was obtained 
by means of X-ray computer-assisted tomography [16,17], 
or the computer simulation of "virtual fracture tests" in 
fiber-reinforced composites [18,19]. 

This strategy is applied in this investigation to analyze 
the mechanical behavior of a unidirectional fiber-rein- 
forced polymer composite subjected to transverse compres- 
sion. The composite microstructure was idealized by a 
random and homogeneous dispersion of parallel, circular 



elastic fibers embedded in the continuous polymeric matrix. 
The main deformation and failure mechanisms reported in 
the literature (namely matrix nonlinear behavior and inter- 
face failure) as well as the effect of thermal residual stresses 
were taken into account in the simulations and a paramet- 
rical study was carried out to assess the influence of these 
parameters on the stress-strain curve, failure strength, duc- 
tility and the corresponding failure modes. 

2. Experimental background and simulation strategy 

The experimental evidence shows that lamina of poly- 
mer-matrix composites unidirectionally reinforced with 
carbon or glass fibers fail under transverse compression 
along planes parallel to the fibers [20-22]. The angle a 
formed between the failure plane and the through-thick- 
ness (or perpendicular to the in-plane loading) direction 
is slightly above 45° and typical values reported are in 
the range 50-56° [23,21,24]. Significant non-linear defor- 
mation was often observed before the maximum load 
[25,26], and this behavior was associated to the plastic 
deformation of the polymeric matrix. This is supported 
by our observations on the lateral surfaces of a Hexcel 
8552 epoxy matrix uniaxially reinforced with 57vol.% 






Fig. 1. Scanning electron micrograph of the lateral surface of an AS4/epoxy specimen loaded under transverse compression showing bands of intense 
plastic deformation in the matrix before the maximum load [24]. 
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AS4 carbon fibers loaded under transverse compression. 
Bands of intense plastic deformation in the matrix, inclined 
at an angle of 56° with respect to the plane perpendicular to 
the loading axis, appeared before the maximum load was 
attained (Fig. 1). Damage by interface decohesion devel- 
oped afterwards around these bands (Fig. 2a) and final 
fracture occurred by the failure of the matrix in shear, as 
evidenced by the numerous hackles in the matrix fracture 
surfaces (Fig, 2b). 

These results show that the strength of fiber-reinforced 
polymers under transverse compression is controlled by 
two dominant mechanisms, namely the localization of the 
matrix plastic strain along shear bands and the develop- 
ment of damage by interface decohesion. Both processes 
(and their interaction) can be taken into account within 
the framework of computational micromechanics in which 
composite behavior is analyzed by means of the finite ele- 
ment simulation of a two-dimensional representative vol- 
ume element (RVE) of the microstructure. The matrix 
was represented by an isotropic, elasto-plastic solid follow- 




Fig. 2. Scanning electron micrographs of an AS4/epoxy composite loaded 
under transverse compression [24]. (a) Damage by interface decohesion 
around the matrix shear bands. The loading axis is horizontal, (b) 
Fracture surface. The presence of numerous hackles in the matrix is 
indicative of failure by shear. 



ing the Mohr-Coulomb yield criterion, which assumes that 
yielding is induced by the shear stresses and that yield stress 
depends on the normal stress. This model has often been 
used to describe plastic deformation and failure of poly- 
mers [27] and of polymeric matrices in composites 
[28,23,21] as it explains the asymmetry between tensile 
and compressive yielding and failure in compression along 
planes forming an angle of ^50-56° with respect to the 
plane perpendicular to the loading axis. Fiber/matrix dec- 
ohesion was introduced by means of interface elements 
whose behavior is controlled by a cohesive crack model, 
a standard technique in the computational micromechanics 
of composites [29-32]. 

3. Computational model 

3.L RVE generation and discretization 

A square RVE, which contains a random and homoge- 
neous dispersion of circular fibers embedded in the poly- 
meric matrix, was selected to determine the behavior of 
the composite under transverse loading, following to Broc- 
kenbrough et al. [33]. An important issue in the simulations 
is the minimum size of the RVE, which should contain all 
the necessary information about the statistical description 
of the microstructure and its size should be large enough 
so that the average properties of this volume element are 
independent of its size and position within the material. 
Of course, the critical RVE size depends on the phase 
and interface properties and spatial distribution, and no 
estimates were available for our particular problem. It is 
also known that the accuracy provided by RVEs of a given 
size can be improved if the results of various realizations 
are averaged [34]. Thus, the compressive strength and duc- 
tility for each set of matrix and interface properties was 
given by the average value of the results obtained from 
six different fiber distributions in a RVE which included 
30 fibers. They were compared in selected cases with those 
obtained with RVEs containing over 70 fibers to ensure 
that the size of the RVE did not influence significantly 
the model predictions. 

Random and homogeneous dispersions of monosized 
fibers of radius R = 5 \im were generated in square RVEs 
of dimensions L 0 x L 0 using the modified random sequen- 
tial adsortion algorithm of Segurado and LLorca [9]. It 
was assumed that the microstructure of the composite 
was given by a indefinite translation of the RVE along 
the two coordinate axes and thus the fiber positions within 
the RVE should keep this periodicity condition. Fiber cen- 
ters were generated randomly and sequentially, and each, 
new fiber was accepted if the distance between neighboring 
fiber surfaces was >0.01R to ensure an adequate discretiza- 
tion of this region. In addition, the distance between the 
fiber surface and the RVE edges should be >0AR to avoid 
distorted finite elements during meshing. Fibers intersect- 
ing the RVE edges were split into an appropriate number 
of parts and copied to the opposite sides of the square 
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Table 1 

Therm o-elastic constants of the fibers and the matrix [38] 
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Fig. 3. Fiber distribution and finite element discretization of a represen- 
tative volume element of the composite with 30 fibers. 

RVE to create a periodic microstructure. New fibers were 
added until the desired volume fraction of 50% was 
reached. An example of the fiber distribution an RVE with 
30 fibers is shown in Fig. 3. The RVE was automatically 
meshed using 6-node isoparametric modified triangles 
(CPE6M in Abaqus Standard [35]) with integration at 
three Gauss points and hourglass control. Special care 
was taken to obtain a very fine and homogeneous discreti- 
zation throughout the RVE to resolve the plastic shear 
bands in the matrix during deformation (Fig. 3). 

3.2. Finite element and material models 

Periodic boundary conditions were applied to the edges 
of the RVE because the continuity between neighboring 
RVEs (which deform like jigsaw puzzles) is maintained 
and, in addition, because the effective behavior derived 
under these conditions is always bounded by those obtained 
under imposed forces or displacements [36,37]. Let X\ and 
X 2 stand as the Cartesian coordinate axes parallel to the 
RVE edges and with origin at one corner of the RVE. 
The periodic boundary conditions can be expressed in terms 
of the displacement vectors U\ and U 2 which relate the dis- 
placements between opposite edges according to 



u{0 i X 2 )'u(Lo t X 2 ) = U u 
u{X u Q)-u(X u Lq) = Q 2 . 



(1) 

(2) 



Uniaxial compression along the X 2 axis is imposed with 
U 2 = {0,-8) and U\ = (wi,0). S stands for the imposed 
displacement in the loading direction and u\ is computed 
from the condition that the average stresses on the edges 
perpendicular to the loading axis should be 0. 
Mathematically, 



/ 

Jo 



where the integral stands for the resultant forces acting on 
the edge X\ = 0 due to the traction vector 7. The logarith- 
mic strain along the loading axis was given as 
€ = ln( 1 + S/Lq) and the corresponding true stress on the 
edge was computed as the resultant force divided by the ac- 
tual cross-section. 

Simulations were carried out with Abaqus/Standard [35] 
under plane strain conditions and within the framework of 
the finite deformations theory with the initial unstressed 
state as reference. Fibers were modeled as linear, therm o- 
elastic and isotropic solids. The thermo-elastic constants 
given in Table 1 are intermediate between those of glass 
and C fibers in the plane perpendicular to the fiber axis. 
The polymeric matrix was assumed to behave as an isotro- 
pic, thermo-elasto-plastic solid, and the thermo-elastic con- 
stants (typical of an epoxy matrix) are also given in Table 1 . 
Plastic deformation was governed by the Mohr-Coulumb 
criterion and the total matrix strain was given by the addi- 
tion of the thermo-elastic and plastic strain components. 
The Mohr-Coulomb criterion assumes that yielding takes 
place when the shear stress acting on a specific plane, t, 
reaches a critical value, which depends on the normal stress 
a acting on that plane. This can be expressed as 

r = c - crtan (4) 

where c and <p stand, respectively, for the cohesion and the 
friction angle, two materials parameters which control the 
plastic behavior of the material. Physically, the cohesion c 
represents the yield stress under pure shear while the fric- 
tion angle takes into account the effect of the hydrostatic 
stresses. 0 = 0 reduces the Mohr-Coulomb model to the 
pressure-independent Tresca model while <j> = 90° leads to 
"tension cut-off" Rankine model. The value of both 
parameters for an epoxy can be assessed from its tensile 
and compressive strengths, <r mt and a mc , according to 



= 2c 



cos</> 
1 + sin cf> 



and a n 



2c 



cos<£ 
1 - sin <fi ' 



(5) 



7dX 2 = 0 on X\ = 0, 



(3) 



The fracture surface of a solid which follows the Mohr- 
Coulomb criterion and it is subjected to uniaxial compres- 
sion forms an angle a with plane perpendicular to the load- 
ing axis, which is related to the friction angle <j> by 

a = 45° 4- <j>/2. (6) 

Typically 50° < a < 60° in epoxy matrices [23,21,24], and 
thus <j) is in the range 10-30°. Once <p was fixed for a given 
simulation, the corresponding cohesion c was computed 
from Eq. (5) assuming that the matrix tensile strength was 
60 MPa [38]. If not indicated otherwise, the simulations pre- 
sented in this paper used </> — 15° to represent the matrix 
behavior, which corresponds to a cohesion c of 39.1 MPa. 
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The corresponding values on the matrix tensile and com- 
pressive strength are, respectively, 60 MPa and 101.9 MPa. 

The yield surface of the Mohr-Coulomb model, written 
in terms of the maximum and minimum principal stresses 
(o\ and am), is given by 



F{g\,g\\\) = (ffi — cr in ) -h (<ti +£r m )sin0-2ccos0 = 0 



(7) 



and it was assumed that c and q> were constant and inde- 
pendent of the accumulated plastic strain. A non-associa- 
tive flow rule was used to compute the directions of 
plastic flow in the stress space and the corresponding po- 
tential flow G was expressed as 

4(1 -e 2 )cos 2 6>-f(2e-l) 2 



2(1 -e 2 )cos0 + (2e- 1)^/4(1 - e 2 )cos 2 Q + 5e 2 - 4e 

3 — sin </> 

x 

6cos0 

(8) 

in which e — (3 - sin<£)/(3 + sin</>) and 0 is obtained from 



Q = 1 arccos 



(9) 



where J 2 and J 3 are, respectively, the second and the third 
invariants of the deviatoric stress tensor. More details 
about the numerical implementation of the Mohr-Cou- 
lomb model can be found in [39,40]. 

The progressive interface decohesion upon loading was 
simulated by 4-node isoparametric linear interface elements 
(COH2D4 in [35]) inserted at the fiber/matrix interface. 
The mechanical behavior of these elements was expressed 
in terms of a traction-separation law which relates the dis- 
placement jump across the interface with the traction vec- 
tor acting upon it. The initial response was linear in 
absence of damage and, therefore, the traction-separation 
law can be written as 



t n = K8 n and f s — K3 S 



(10) 



where t ni i s , S n and S s stand for the normal and tangential 
tractions and displacement jumps across the interface 
respectively. An elastic stiffness of K— 10 8 GPa/m was se- 
lected for the interface, which was large enough to ensure 
the displacement continuity at the interface and to avoid 
any modification of the stress fields around the fibers in 
the absence of damage. The linear behavior ends at the on- 
set of damage, which is dictated by a maximum stress cri- 
terion expressed mathematically as 



max 



(11) 



in which () stand for the Macaulay brackets, which return 
the argument if positive and zero otherwise, to impede the 
development of damage when the interface is under com- 
pression, and N and S are the normal and tangential inter- 
facial strengths which were assumed to be the equal for 



N ' S 




Fig. 4. Schematic of the traction-separation law which governs the 
behavior of the interface elements. 



simplicity (N=S). Once the damage begins, the stress 
transferred through the crack is reduced depending on 
the interface damage parameter d, which evolves from 0 
(in the absence of damage) to 1 (no stresses transmitted 
across the interface), as shown in Fig. 4. The corresponding 
traction-separation law is expressed by 



t n = (\-d)K8 n if<5 n >0, 
t n =K8 n if<5 n ^0, 
t s = (\-d)K8 s 



(12) 



The evolution of the damage parameter is controlled by an 
effective displacement, 8, defined as the norm of the dis- 
placement jump vector across the interface as 



v 7 ^ 



2 + ^, 



(13) 



and d depends on the maximum effective displacement at 
the interface attained during the loading history at each 
material integration point 3 max according to 



d = 



3™*$ -8°)'' 



(14) 



where 3° and 8 [ stand for the effective displacement at the 
onset of damage {d = 0) and when the interface has failed 
completely (^=1), respectively. In this cohesive model, 
the energy necessary to completely break the interface is al- 
ways equal to T, the interface fracture energy, regardless of 
the loading path. If not indicated otherwise, the interface 
fracture energy in the simulations presented below was 
100 J/m 2 , a reasonable value for C and glass fibers embed- 
ded in a polymeric matrix [41]. 

4. Results 

4 J. Validation of the RVE size 

Most of the results presented in this paper were 
obtained by the numerical simulation of RVEs containing 
30 fibers. The influence of the actual position of the fibers 
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0 0.01 0.02 0.03 0.04 0.05 

Compressive strain 

Fig. 5. Compressive stress-strain curves for six different fiber realizations 
in RVEs with 30 fibers (broken line) and one fiber realization in an RVE 
with 70 fibers (solid line). The two sets of curves are representative of 
materials with very strong (=oo) or very weak (=0.1c) fiber/matrix 
interfaces. 

within the RVE on the mechanical response was analyzed 
by comparing the results obtained with six different fiber 
realizations for the typical values of the matrix and fiber 
properties given previously and two sets of interface prop- 
erties corresponding to very weak (N—OAc) and perfect 
interfaces, respectively. The corresponding (compression) 
stress-strain curves are plotted in Fig. 5, together with 
those computed with an RVE which included 70 fibers. 
All the simulations were practically superposed in the elas- 
tic regime; divergences arose at the onset of matrix plastic 
deformation and increased in the composite with weak 
interfaces beyond the maximum load. These results are 
in agreement with previous numerical studies, which 
showed that the minimum size of the RVE increases with 
the mismatch between the phase properties (e.g. at the 
elasto-plastic transition) and especially with the localiza- 
tion of the deformation due to plastic flow and/or damage 
[42,10]. Nevertheless, the dispersion among the stress- 
strain curves was limited and the curve obtained by aver- 
aging the six simulations was very close to that computed 
with an RVE with 70 fibers for both sets of material 
properties. 

4.2. Influence of the interface strength 

The stress-strain curve under transverse compression is 
plotted in Fig. 6 for composite materials whose interface 
strength varied from TV = 0.1c to infinity. The matrix fric- 
tion angle was 15° {c = 39.1 MPa) and the interfacial frac- 
ture energy was 100J/m 2 in all cases. Each curve is the 
average of six different realizations with an RVE with 30 
fibers and the error bars stand for the standard deviation 
of the simulations, which was negligible up to the maxi- 
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Fig. 6. Influence of the interface strength N on the mechanical response 
under transverse compression. The error bars stands for the standard 
deviation of six simulations. The figure next to each curve stands for the 
interface strength. The broken horizontal line represents the compressive 
strength of the epoxy matrix. 

mum load and remained small afterwards. The initial com- 
posite stiffness was not affected by the interface strength 
but the composites with low interfacial strength (N < c) 
departed early from the linear behavior due to the nucle- 
ation of interface cracks. In isolated fibers, the cracks 
nucleated at the points equidistant from the poles and the 
equator (latitudes 45 °N and 45 °S), where the interfacial 
shear stress was maximum. They propagated towards the 
equator and merged. The stress concentrations at the tip 
of the interface cracks induced the formation of very short 
shear bands in the matrix linking up interface cracks in 
neighboring fibers, and the maximum strength was attained 
at this point (Fig. 7a). Further deformation led to forma- 
tion of interfacial voids and to the localization of the strain 
in the matrix in shear bands whose path was dictated by the 
position of the voids which grew from the interface cracks 
(Fig. 7b). 

On the contrary, composites without interface decohe- 
sion presented a linear behavior up to compressive stresses 
very close to the strength of the epoxy matrix in uniaxial 
compression, a mc . This linear regime was followed by a 
plastic response with very little hardening as the localiza- 
tion of the plastic strain in the matrix led to the formation 
of shear bands which percolated the entire RVE (Fig. 8). It 
is worth noting that the angle between the shear bands and 
the plane perpendicular to the loading axis was very close 
to 45° + 0/2 = 52.5°, the theoretical one for the matrix 
alone, regardless of the actual fiber distribution, and this 
indicates that the composite strength was determined by 
the propensity of the matrix to form shear bands. 

The behavior of the composite with an intermediate 
interfacial strength (N = c) was initially similar to that of 
the materials with high interfacial strength, and the pattern 
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Fig. 7. Contour plot of the accumulated plastic strain in the matrix in the 
composite with low interfacial strength (N = 0.1c). (a) e = -1.7% corre- 
sponding to the maximum strength, (b) e = -4%. The loading axis is 
horizontal. Notice that the strain values in legend (b) are 10 times higher 
than in (a). 

of plastic deformation in the matrix at the point of maxi- 
mum stress showed the incipient development of shear 
bands oriented at 52.5° (Fig. 9a). However, final fracture 
occurred by the development of a single shear band, 
slightly misoriented with respect to the theoretical angle, 
whose orientation was dictated by the linking up of inter- 
face cracks in adjacent fibers (Fig. 9b). This fracture pat- 
tern is very similar to that observed in Fig. 2a, in which 
the matrix shear band is surrounded by interface cracks 
and points to a failure process in three steps: incipient 
development of shear bands in the matrix channels between 
the fibers, nucleation of interface cracks, and final localiza- 
tion of the deformation in the matrix in one dominant 
shear band. 

The transverse compressive strength, F c , is given by the 
maximum of each curve in Fig. 6, and the overall effect of 




Fig. 8. Contour plot of the accumulated plastic strain in the matrix in the 
composite without interface decohesion (N = oo) at e = -7%. The loading 
axis is horizontal. 



interface strength in the transverse compressive strength,. 
Y c , is plotted in Fig. 10. Failure is controlled by the matrix 
plastic deformation if N/c ^ 2 and the reinforcing effect of 
the stiff fibers increased the composite strength approxi- 
mately 10% over the matrix flow stress in compression. 
The composite strength decreases rapidly with the interfa- 
cial strength as the stress concentrations associated with 
interface cracks favor the onset of plastic deformation in 
the matrix and the nucleation of shear bands at lower stres- 
ses. It is interesting to note that predictions of the microm- 
echanics simulations are in good agreement with 
experimental results for epoxy-matrix composites rein- 
forced with either glass or carbon fibers (Fig. 10). Experi- 
mental values of the matrix and composite properties 
under transverse compression were obtained from [38]; 
information of the interface strength for both composite 
systems was not available in this reference and the experi- 
mental data in [43] for C/epoxy and in [44] for glass/epoxy 
were used. Thus, although the actual interface strength is 
not known, it is evident that the model predictions for 
the transverse compressive strength and the failure micro- 
mechanisms (Figs. 1 and 2) support the validity of the cur- 
rent approach to simulate the mechanical behavior of 
unidirectional PMC. 

The data in Fig. 10 also include the influence of the 
interface properties in the strain at y c , which stands for 
a rough approximation of the composite ductility under 
transverse compression. The ductility values presented 
more scatter (particularly for large interface strengths, in 
which the stress-strain curve is very flat near Y c ) but they 
clearly show the differences between interface- and matrix- 
dominated fracture. The former occurred when N < c and 
it was characterized by a brittle behavior, while the latter 
was dominant if TV ^ 2c and led to much higher strain to 
failure (4-6%) controlled by the plastic deformation of 
the matrix. 
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Fig. 9. Contour plot of the accumulated plastic strain in the matrix in the 
composite with intermediate interfacial strength {N = c). (a) e = — 1 .7% 
corresponding to the maximum strength, (b) t = -2.5%. The loading axis 
is horizontal. Notice that the strain values in legend (bj are 10 times higher 
than in (a). 



4.3. Influence of the interface fracture energy 

The influence of the interface fracture energy on the 
mechanical behavior in transverse compression is plotted 
in Fig. 11. Simulations were performed with the same 
RVE (whose behavior was very similar to the average of 
six simulations with different RVEs) and three interface 
fracture energies: 100 J/m 2 (the baseline value), 10J/m 2 
and 1000 J/m 2 , while the interface strength was systemati- 
cally varied from 0.1c up to 2c. For a given value of the 
interface strength, the variations in the fracture energy 
modified the effective interface displacement at failure, <5 f 
(Fig. 4), leading to more brittle or more ductile behaviors. 
The rest of the fiber and matrix properties were those indi- 
cated in Section 3. The stress-strain curves of the materials 
with interface fracture energies of 10 and 100 J/m 2 are plot- 
ted in Fig. 11. The curves corresponding to the materials 




N/c 



Fig. 10. Influence of the interface strength (normalized by the cohesion of 
the matrix c) in the transverse compressive strength, Y c (normalized by 
the yield strength of the matrix in compression, <r mc ) and in the ductility, 
represented by the strain at Y c . The error bars stand for the standard 
deviation of the six simulations with different RVEs. 




0 0.01 0.02 0.03 0.04 0.05 

Compressive strain 

Fig. II. Influence of the interface fracture energy on the stress-strain 
curve under transverse compression for different values of the interface 
strength. 



with interface fracture energies of 1000 J/m 2 were practi- 
cally superposed to those with 100 J/m 2 up to the maxi- 
mum stress in all cases, even though the fracture energies 
differed in one order of magnitude, and the differences 
beyond that point were minimum. They are not plotted 
in Fig. 10 for sake of clarity. Brittle fiber/matrix interfaces 
(which are represented by the curves obtained with 
T= 10 J/m 2 in Fig. 11) did not change significantly the 
compressive strength, although the reduction in load after 
the maximum was faster as a result of the easy propagation 
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of the cracks along particle/matrix interface. Thus, it can 
be concluded that the effect of the interface fracture energy 
on the transverse compressive strength of fiber-reinforced 
polymers is negligible, as compared with the influence of 
the interface strength. 

4.4. Influence of the matrix friction angle 

The stress-strain curves under transverse compression 
of one RVE are plotted in Fig. 12a-c for three composites 
with matrix friction angles of 0°, 15° and 30°, respectively. 
As the matrix tensile strength was assumed to be constant 
and equal to 60 MPa, changes in the friction angle modi- 
fied the yield strength of the matrix in compression - as 
given in Eq. (5) - which increased from 60 MPa (<j) = 0°) 
up to 180 MPa {<t> = 30°). So the stresses in Fig. 12 were 
normalized by the corresponding yield strength of the 



matrix in compression to compare the composite behavior 
on the same basis. The curves in Fig. 12a ((j) = 0°) are rep- 
resentative of a metallic matrix, which follows the Tresca 
yield criterion, while those in Fig. lib and c stand for the 
behavior of polymeric matrices which tend to form shear 
bands oriented at an angle of 45° + (j)/2 with the plane per- 
pendicular to the compression axis. In the absence of inter- 
face decohesion, the matrix with <j> = 0° provided the 
highest compressive strength (relative to the c7 mc ), and 
K c /fr mc decreased progressively with the friction angle. 
This behavior is the result of the trend to localize the defor- 
mation in shear bands between the fibers, which increases 
with the friction angle. This effect was more marked in 
presence of interface decohesion, because matrix shear 
bands were triggered at lower strains by the stress concen- 
trations around the interface cracks (Fig. 9a). Obviously, 
this mechanism is more efficient if the matrix friction angle 
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Fig. 12. Influence of the matrix friction angle on the stress-strain curve under transverse compression: (a) <$> = 0°; (b) <f> — 15°; (c) <fi = 30°. The stresses are 
normalized by the respective strength of the matrix in compression. 
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is high, and thus the degradation of the composite proper- 
ties was faster as the interfacial strength decreased. 

4.5. Influence of the thermal residual stresses 

Residual stresses develop in PMC upon cooling at ambi- 
ent temperature after curing as a result of the thermal 
expansion mismatch between the matrix and fibers. As 
the thermal expansion coefficient of the epoxy matrix is 
much higher than that of the fibers, tensile stress appears 
in the matrix and compressive in the fibers, and their influ- 
ence on the behavior under transverse compression can be 
taken into account in the micromechanical model by simu- 
lating the composite behavior in two steps. In the first step, 
the RVE was subjected to a homogeneous temperature 
change of -100 °C from the stress-free temperature down 
to ambient temperature [38]. The computational model 
and the fiber and matrix properties were those given in Sec- 
tion 3 but the analyses were carried out under generalized 
plane strain conditions, instead of plane strain. The thick- 
ness of the model (perpendicular to the X x -X 2 ) is constant 
in plane strain simulations, and this leads to unrealistic val- 
ues of the thermal residual stresses along the X$ axis. Con- 
versely, the generalized plane strain theory assumes that 
the model lies between two parallel planes which can move 
with respect to each other and can accommodate the ther- 
mal strain induced by the temperature change. Once the 
residual stresses were generated, the thickness along the 
Xt, axis was held constant and the RVE was deformed 
under uniaxial compression. The stress-strain curves with 
and without residual stresses of one RVE are plotted in 
Fig. 13 for different values of the interface strength. The 
matrix and fiber properties correspond to those of the 
materials in Fig. 6. The non-linear deformation started at 
lower strains in the presence of residual stresses, but the 



oo 




0 0.01 0.02 0.03 0.04 0.05 

Compressive strain 

Fig. 13. Influence of the thermal residual stresses on the mechanical 
response under transverse compression for different values of the interface 
strength. 



compressive strength was not affected because the 
thermo-elastic residual stresses were rapidly smoothed 
out during deformation by the intense plastic deformation 
in the matrix and the interface cracks. 

5. Conclusions 

The compressive strength under transverse loading of 
fiber-reinforced polymers was studied by means of compu- 
tational micromechanics. In this modeling strategy, the 
stress-strain curve was computed by means of the finite 
element analysis of an RVE of the composite microstruc- 
ture. The simulations showed the role played by the two 
dominant damage mechanisms (decohesion at the inter- 
face and shear band formation in the matrix) in control- 
ling the composite strength. On the one hand, if 
decohesion is inhibited, failure took place by the develop- 
ment of shear bands in the matrix, which propagated 
through the microstructure at an angle of ±(45° + <p/2) 
with respect to the plane perpendicular to the compression 
axis. The compressive strength was slightly higher than the 
matrix strength under uniaxial compression due to the 
additional strengthening provided by the stiff fibers. On 
the other hand, interface cracks were nucleated at very 
low stresses in composites with weak interfaces, while 
the matrix was still in the elastic regime. The stress con- 
centrations at the interface crack tips nucleated plastic 
shear bands between neighboring cracks, and led to the 
evolution of the cracks into large interfacial voids. Final 
fracture occurred by the development of bands of local- 
ized deformation formed by interfacial voids linked by 
matrix shear bands, the orientation of these bands being 
controlled by the particular distribution of the fibers in 
the RVE. When the interface strength was similar to the 
matrix flow stress in compression (N « c), the numerical 
simulation showed that the maximum strength was mainly 
controlled by the matrix, and coincided with the forma- 
tion of an incipient pattern of shear bands in the matrix, 
inclined at ±(45° + </>/2) with respect to the plane perpen- 
dicular to the compression axis. Final fracture took place 
thereafter by the propagation of a dominant shear band, 
slightly misoriented with respect to the theoretical angle, 
whose path was dictated by the linking up of interface 
cracks in adjacent fibers. 

Parametrical studies showed that other factors (such as 
the matrix friction angle, the interface fracture energy 
and the thermo-elastic residual stresses) exerted a second- 
ary influence on the compressive strength of PMC under 
transverse compression. The matrix was more susceptible 
to the formation of shear bands as the friction angle 
increased, and they developed earlier, but this effect was 
offset by the higher matrix flow stress in compression. 
Thermal residual stress reduced the stress for the onset of 
nonlinear deformation but they were rapidly smoothed 
out by the intense plastic deformation in the matrix and 
did not modify the compressive strength. Finally, changes 
in the interface fracture energy by two orders of magnitude 
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did not modify significantly the compressive strength 
either. 

It is finally worth noting the potential of computational 
micromechanics to assess the mechanical behavior of engi- 
neering composites. By using the appropriate constitutive 
equations for the fiber, matrix and interfaces, this simula- 
tion tool can provide a detailed picture of deformation 
and fracture mechanisms at microscopic level, including 
the effect of all non-linear processes and of the interaction 
among them. This information can be used to develop 
more accurate and reliable failure criteria at the lamina 
level, which in turn can be used to predict the mechanical 
performance of laminates and composite structures. 
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